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Abstract 
 
Postharvest anthracnose caused by the Colletotrichum gloeosporioides species complex 
is considered one of the most important diseases in mango (Mangifera indica L.) 
worldwide. The current approaches used to control mango anthracnose rely mainly on 
fungicides, which are costly and both labour intensive and time consuming in their 
application. Genetic resistance offers potential for control of this disease.  However, in 
Australia, relatively little information is known about the susceptibility of Australian 
commercial mango cultivars to pre- and post-harvest anthracnose.  The aims of this study 
were to: (i) assess the varietal resistance of Australian commercial mango cultivars to 
anthracnose by assessing the direct response in both leaves and fruit; (ii) elucidate the 
differences in defence mechanisms between the resistant and susceptible cultivars and 
(iii) investigate methods other than fungicide application and /or genetic resistance  to 
manage postharvest anthracnose in mango. 
 
A leaf assay was developed to assess the susceptibility of mango leaves to anthracnose.  
For this purpose, a series of different leaf screening assays were undertaken from 2012 to 
2016 using Collletotrichum asianum, a fungal pathogen belonging to Colletotrichum 
gloeosporioides species complex known to be a causal agent of postharvest anthracnose 
in mango. Mango leaves were harvested and screened at four standard leaf stages 
including: flush red, early green, green and dark green. Results from the present study 
clearly demonstrated that maintaining the leaves at high humidity for 7 days after 
incubation of detached leaf assays is the key factor to induce the typical anthracnose 
symptoms on flush red and early green leaves. Whereas, the older leaves were observed 
to be resistant to anthracnose as no symptoms were induced following inoculation at either 
the green and dark green leaf stage. Comparison between the cultivars showed that 
mango cvs. Kensington Pride and Keitt were resistant in the leaf assays, whereas mango 
cvs. R2E2 and Brooks were found to be the susceptible cultivars. However, light 
microscopy studies of conidial germination and appressorial formation of C. asianum on 
early green leaves indicated no differences among the cultivars ‘Keitt’, ‘Kensington Pride’ 
and ‘R2E2’. 
 
The susceptibility of fruit to postharvest anthracnose in Australian mangoes was studied in 
the 2013, 2014 and 2016 mango seasons following inoculation with C. asianum. 
Additionally, assessment of disease severity following natural infections caused by 
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Colletotrichum species were made in these years. In the 2013 mango season, fruit of the 
cultivars ‘Kensington Pride’, ‘Keitt’, ‘Kent’ and ‘Brooks’ were harvested at the commercial 
harvest stage, this however led to the significant differences in the fruit maturity among all 
tested mango cultivars. In order to achieve the consistency in fruit maturity at harvest to 
assess the varietal resistance to postharvest anthracnose, in subsequent years, 2014 and 
2016,  fruit of ‘KP’ and ‘Keitt’ were harvested at different times, from the early harvest to 
late harvest, mango seasons. Regardless of harvest time and/or mauturity, ‘Keitt’ were 
assessed to be highly resistant to anthracnose, whereas the fruit maturity had significant 
effects on the anthracnose development on the fruit of ‘KP’. Late harvest of ‘KP’ fruit 
resulted in significantly larger anthracnose lesions at ripe stage induced by C. asianum. All 
other tested cultivars ‘Brooks’, ‘Kent’ and ‘Calypso’ were identified as the susceptible 
cultivars. Similar to what had been observed on the leaves, no differences were found in 
conidial germination and appressorial formation of C. asianum on the fruit of ‘KP’ and 
‘Keitt’. 
 
In order to elucidate the role of phenolic compounds in resistance of mango to 
anthracnose, the present study utilised high performance liquid chromatography to detect 
and quantify the constitutive levels of three phenolic compounds in the peel of fruit at 
immature, harvest, sprung and ripe stage in the 2013, 2014 and 2016 mango seasons, 
and in the leaves at flush red, early green and dark green stage in 2013. The levels of 
these compounds and their relationship with anthracnose development at the fruit ripe 
stage and developmental leaf stages were also elucidated. High concentrations of 
hyperoside were measured in the peel collected at the ripe stage of the resistant cultivar 
‘Keitt’ (404.83 to 571.60 mg/kg dry matter) compared with concentrations in the 
susceptible cultivar ‘Kensington Pride’ (80.16 to 124. 33 mg/kg dry matter). A significant 
correlation between the levels of hyperoside and anthracnose development was found in 
the fruit at ripe stage (R2=0.59, P<0.001) and the leaves (R2=0.45, P<0.001). Mangiferin, 
however, was not detected in the peel of cv. Keitt over three mango seasons, while 
quercetin was only detected in the peel of cv. Kensington Pride at harvest in the 2016 
season. 
 
To look for the alternative postharvest treatments to control anthracnose, the present study 
screened the antifungal capacity of waste products from sorghum ethanol production. 
Condensed Distillers’ Solubles (CDS) and Dried Distillers’ Grains (DDG) are by-products 
of ethanol production from sorghum grain. In 2013, this study tested the inhibitory effects 
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of these compounds on growth of two postharvest fungal pathogens of mango, C. asianum 
and Lasiodiplodia theobromae (L. theobromae) using Petri dish growth inhibition assays. 
The EC50, (Effective Concentration at which mycelial growth is inhibited by 50%), for C. 
asianum of CDS was 10.4% v/v of the crude extract. The EC50 of DDG for C. asianum 
and   L. theobromae was 8.4 mg/ml and 19.1 mg/ml, respectively. Mycelial growth of L. 
theobromae was significantly increased by CDS at 25, 10 and 1% v/v at 4 and 5 days after 
incubation, but after 6 days of incubation there was no significant difference from controls 
and lower CDS concentrations. In 2014, the in vitro antifungal assays using two batches of 
CDS collected in January, 2013 and August, 2014 performed the strong inhibitory effects 
against three fungal pathogens isolated from mango and two fungal pathogens isolated 
from avocado.  
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Chapter 1: General introduction 
1.1. Significance  
Mango productivity is limited by several field and postharvest diseases, many of which are 
caused by fungi. Consequently, current management within major production zones relies 
heavily on fungicides, applied both in the field and after harvest.  However, increasing 
public pressure on the use of fungicides has resulted in greater efforts to breed crops 
which are more resistant to infection caused by various pathogens. In Australia, the mango 
cultivars (cvs.) Kensington Pride (KP) and Keitt were reported to be more resistant than 
other mango cultivars to diseases including postharvest anthracnose, caused by the fungi 
belonging to Colletotrichum gloeosporioides species complex (Hassan et al., 2007).  
Generally, little is known of the mechanisms underlying the resistance of mango to 
postharvest anthracnose.  Many of these resistance mechanisms are considered to be 
non-specific and are operative across species, for example, the activation of oxidative 
enzymes like peroxidase, polyphenol oxidase and pathogenesis related proteins.  
However, other mechanisms may be specific to mango or have a narrow distribution 
among related species. Examples of the latter include the pre-formed resorcinol-type 
compounds.  A study by Hassan et al. (2007)  demonstrated a strong association of two of 
such compounds with reduced severity of anthracnose in mango fruit which had been 
inoculated with C. gloeosporioides (Hassan et al., 2007). It is likely that additional phenolic 
compounds are present in mango which may also contribute to resistance; the role of such 
additional compounds in defence mechanisms in mango still has to be elucidated. In 
another recent study, high activities of the PR proteins chitinase and B-1,3-glucanase were 
reported in cultivars of mango which were more resistant to malformation disease, caused 
by Fusarium mangiferae. These observations allowed Ebrahim et al. (2011) to propose 
that relative activities of these enzymes could be used as a criterion to predict resistance 
to floral malformation and could thus be used to screen cultivars. Identification of such 
biochemical markers for resistance to disease, including anthracnose, are consequently an 
asset for breeders and horticulturalists which would assist them in developing superior, 
disease resistant varieties, while retaining other desirable attributes.  Selection and 
breeding of tree crops is resource and time consuming, and the use of such markers will 
allow screening of young material as a pre-selection tool. These and other biochemical 
resistance mechanisms and their molecular bases in mango are the focus of this research 
project. This will not only contribute to the knowledge base, but also provide the 
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opportunity to utilise such information as a tool to assist mango selection and breeding. 
Apart from that, the potential uses of alternative methods instead of using fungicides to 
control postharvest diseases in mango is essential for postharvest treatments. 
1.2. Objectives 
 
The main objectives of this study are listed below. 
 
(i) Development and validation of a reliable screening assay for anthracnose on mango 
leaves. 
(ii) Assessment of anthracnose development on mango leaves and fruit at different 
physiological maturity stages. 
(iii) Assessment of the varietal resistance to anthracnose in Australian commercial mango 
cultivars. 
(iv) Observations of conidial germination and appressorial formation of Colletotrichum 
gloeosporioides species complex on mango leaves and fruit.  
(v) Detection and quantification of levels of phenolic compounds associated with 
anthracnose development in mango peel and leaves. 
(vi) In vitro screening for antifungal activities of the targeted phenolic compounds against 
fungal pathogens that are associated with postharvest anthracnose and stem end rot in 
mango. 
(vii) Screening novel antifungal products from sorghum biorefinery by-products for 
potential growth inhibition of mango postharvest fungal pathogens.  
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Chapter 2: Literature review 
2.1. Mango 
 
Mango (Mangifera indica L.) is considered to be one of the most important fruit crops in 
tropical and subtropical regions, particularly in Asia where the mango is well known as the 
‘King of Fruits’ due to its richness in vitamins and  minerals (Bally, 2006; Dinesh et al., 
2011; Mukherjee & Litz, 2009; Vasanthaiah et al., 2007) 
2.1.1. Origin  
 
The genus Mangifera, which belongs to the family Anacardiaceae, has its origins in India 
and Myanmar (Bally, 2006; Dinesh et al., 2011; Mukherjee & Litz, 2009).  Dinesh et al. 
(2011) reported that the mango originated in an area extending from northeastern India to 
the Indo-Myanmar border region and including the lower Himalayan tract, near Nepal, 
Bhutan, and Sikkim. Whereas  Vasanthaiah et al. (2007), used morphological, 
phytogeographical, cytological, anatomical and pollen characteristics of mango to predict 
its centre of origin. They consequently proposed that the genus originated in two areas 
including (i) Myanmar, Thailand, Indo-China and (ii) the Malayan Peninsula both which 
were major centres of species formation.  Whereas the Sunda Islands (Java, Sumatra and 
Borneo), the Philippines and the Celebes-Timor group were considered secondary 
development centres.  
2.1.2. Taxonomy 
 
The genus Mangifera belongs to the division Magnoliophyta, in the class Magnoliopsida, 
subclass Rosidae, of the order Sapindales, in the dicotyledonous family Anacardiaceae 
which comprises 73 genera and approximately 830 species (Dinesh et al., 2011; 
Vasanthaiah et al., 2007). This family mostly consists of trees or shrubs which contain 
milky or acrid juice (Vasanthaiah et al., 2007). The trees are long-lived, evergreen and can 
reach the height of 15-40 m.  However, most commercial mango trees are 3-10 m tall 
when fully mature, although this depends on the cultivar and the amount of pruning that 
has occurred (Bally, 2006; Vasanthaiah et al., 2007). The trunk is erect, thick, without 
furrows or buttresses when old. The bark is thick, sometimes with longitudinal bursts 
containing limited amounts of yellow transparent gum or resin. Branches are numerous 
with the lower ones spreading horizontally to a great extent and the upper ones gradually 
ascending till they become nearly erect in the centre (Vasanthaiah et al., 2007). Leaves 
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are simple, without stipules and alternate with petioles, and can be highly variable in shape 
and size ranging from almost lanceolate (long and narrow) shaped, to  ovate (Bally, 2006; 
Mukherjee & Litz, 2009). Bally (2006) also reported that leaf type is different amongst 
varieties but is more consistent within the same variety, with the dark green colour for 
mature leaves and flush red colour for new leaves. Fruit is fleshy with a single seed 
enclosed in a leathery endocarp, being variable in shape, colour, taste and flesh texture 
among different varieties (Bally, 2006; Dinesh et al., 2011). Fruit shapes are round to 
ovate to oblong and long and have a dark green background colour when developing, with 
the fruit turning lighter green to yellow as it ripens. Skin colour varies from yellow to dark 
orange at the eating ripe stage and the texture of flesh varies from smooth to fibrous 
(Bally, 2006). 
2.1.3. Polyembryonic and monoembryonic seed 
 
Mango varieties can be classified into monoembryonic and polyembryonic seed types. In 
monoembryonic varieties, the seed contains only one embryo (as seen in Figure 2.1) that 
is a true sexual (zygotic) embryo with only one seedling per seed being produced (Bally, 
2006; Dinesh et al., 2011). Monoembryonic seeds result from a cross between the 
maternal and paternal (pollen) parents and thus fruit from monoembryonic seedlings will 
be a novel genotype; consequently maintenance of true type in monoembryonic varieties 
is dependent on clonal propagation via grafting (Bally, 2006). Polyembryonic seeds, by 
contrast, contain more than one embryo (see Figure 2.1), of which one is zygotic whereas 
the remaining embryos originate from nucellus tissue; seedlings derived from the nucellar 
tissues are consequently true to type (Bally, 2006; Dinesh et al., 2011; Mukherjee & Litz, 
2009). Mukherjee and Litz (2009) stated that monoembryonic varieties belong to the 
subtropical regions (Indian type), while polyembryonic varieties were proposed to have 
originated  in south east Asia. Figure 2.1 below shows the shape of monoembryonic and 
polyembryonic seed. 
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 Figure 2.1. Monoembryonic (left) and Polyembryonic seed (right) showing the 
contrasting numbers of embryos present (Bally, 2006) 
2.1.4. Current distribution 
The distribution of the 69 species in the Mangifera genus is mainly restricted to tropical 
Asia, and extends as far north as 27° latitude of the Earth’s equatorial plane which crosses 
Africa, Asia, the Pacific Ocean, North America and the Atlantic Ocean and as far east as 
the Caroline Islands in North Pacific Ocean. Wild mangoes occur in India, Sri Lanka, 
Bangladesh, Myanmar, Sikkim, Thailand, Cambodia, Vietnam, Laos, southern China, 
Malaysia, Singapore, Indonesia, Brunei, the Philippines, Papua New Guinea and the 
Solomon Islands in South Pacific Ocean and Caroline Islands (Bompard, 2009). The 
highest species diversity of mango is found in the north eastern states of India, Malaysia 
(particularly in Peninsular Malaysia with 19 species), followed by Sumatra (with 10 
species), representing the centre of the distributional range of the Mangifera genus 
(Bompard, 2009; Dinesh et al., 2011). 
 
2.1.5. Production 
There are more than 90 countries in the world producing mango, although only 3.3% of 
total mango production enters international trade (Evans et al., 2009). Asia, where the 
mango is native, accounts for the highest percentage of worldwide mango production 
(77%), whereas the corresponding percentage production in the Americas and the 
remaining countries were 13% and 10%, respectively.  
 
From 2011 data, India was the largest mango producer with approximately 15.2 million 
tons, annually followed by China (4.5 million tons), Thailand (3.3 million tons), and 
Indonesia (2.1 million tons). The other leading mango producing countries in 2011 
consisted of Pakistan (1.9 million tons), Mexico (1.8 million tons), Brazil (1.2 million tons), 
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Bangladesh (0.9 million tons) and Philippines (0.8 million tons). Mango production in 
Australia in 2011 was around 36,659 tones, being relatively small compared with the 
production in the major mango producing countries. 
2.1.6. Australian mango varieties and growing regions 
The variety ‘Kensington Pride’ has dominated commercial production in Australia to date, 
making up to approximately 80% of the total production. The remaining mango varieties 
grown in Australia are ‘Calypso’, ‘Haden’, ‘Honey Gold’, ‘Kent’, ‘Keitt’, ‘Nam Doc Mai’, 
‘Irwin’, and ‘R2E2’(Dillon et al., 2013). In Australia, mangoes are mainly grown in 
Queensland, Northern Territory, Western Australia and Northern Queensland (Figure 2.2) 
with Queensland being the largest producing region (Bally et al., 1999; Crane et al., 1997). 
The time of the harvest commences first in the Northern Territory and Kimberley regions in 
early September which is followed by Queensland’s dry tropics region in mid-November, 
Mareeba in early December, and Central Queensland in late December. The latest harvest 
of mango fruits is in early March in south east Queensland and Northern New South 
Wales. 
 
Figure 2.2. Major mango growing regions in Australia (Crane et al., 1997) 
 
2.2. Anthracnose 
 
Postharvest diseases on fruit are well-known for reducing fruit quality and causing severe 
economic loss. In mango, anthracnose is the most serious post-harvest disease in humid 
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growing regions. Disease incidence caused by anthracnose can reach almost 100% in fruit 
produced under wet or very humid conditions (Prusky et al., 2009). Stem-end rot, caused 
by a range of different pathogens including Lasiodiplodia theobromae (Pat.) Griffon & 
Maubl., and Neofusicoccum spp., is another serious postharvest disease of mango in 
warm and humid regions. In this present study, postharvest anthracnose of mango is the 
focus.  
2.2.1. Causal agents  
Classification on the basis of fungal morphology reports that mango anthracnose is caused 
by at least three species of the genus Colletotrichum including Colletotrichum 
gloeosporioides (Penz.) Penz. & Sacc.) (Agrios, 2005; Dodd et al., 1996), C. 
gloeosporioides Penz. var. minor J.H. Simmonds (Fitzell et al., 1984)  and Colletotrichum 
acutatum J.H. Simmonds (Freeman et al., 1998).  Within these three taxa, C. 
gloeosporioides was identified as the main causal agent causing anthracnose in mango ( 
Dodd et al. (1996).   
Recent taxonomic revisions of the C. gloeosporioides ‘group’ species complex, based on 
molecular characteristics, have divided this pathogen into several new species. Weir et al. 
(2012) studied the C. gloeosporioides species complex which was defined genetically 
based on a strongly supported clade within the Colletotrichum ITS gene tree (Figure 2.3). 
All of the taxa were defined genetically on the basis of multi-gene phylogenies. In general, 
22 species plus one subspecies within the C. gloeosporioides complex were identified. 
These included C. asianum, C. cordylinicola, C. fructicola, C. gloeosporioides, C. horii, 
C.kahawae subsp. kahawae, C. musae, C. nupharicola, C. psidii, C. siamense, C. 
theobromicola, C. tropicale, and C. xanthorrhoeae, along with the taxa described here as 
new: C. aenigma, C. aeschynomenes, C. alatae, C. alienum, C. aotearoa, C. clidemiae, C. 
kahawae subsp. ciggaro, C. salsolae, and C. ti, plus the nom. nov. C. queenslandicum (for 
C. gloeosporioides var. minor). An Australian isolate of C. gloeosporioides from mango 
was classified as C. asianum (Figure 1.3) (Weir et al., 2012). These findings are supported 
by Phoulivong et al. (2010) who reported that sequence analysis of the five gene regions 
including partial actin (ACT), β-tubulin-2 (TUB1, TUB2), glyceraldehyde-3-phosphate 
dehydrogenase (GPDH) genes and the complete rDNA-ITS (ITS) were used to resolve C. 
asianum, C. horii, C. kahawae and C. gloeosporioides in the Colletotrichum 
gloeopsporioides species complex as distinct phylogenetic lineages. More importantly, 
Phoulivong et al. (2010) analysed the sequence data of 25 isolates from eight tropical 
fruits which were banana (Musa sp.), chilli (Capsicum spp.), guava (Psidium guajava), 
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jujube (Zizyphus mauritiane), longan (Dimocarpus longan), mango (Mangifera indica), 
papaya (Carica papaya) and rose apple (Syzygium jambos), and none of these 
Colletotrichum isolates was found to be C. gloeosporioides. 
 
Figure 2.3. A Bayesian inference phylogenetic tree of 28 isolates in the 
Colletotrichum species complex. An isolate collected from mango in Australia 
(ICMP 18696) is identified as Colletotrichum asianum (Weir et al., 2012) 
2.2.2. Symptoms 
Anthracnose symptoms  occur on leaves, twigs, petioles, panicles and fruits (Nelson, 
2008). Leaf anthracnose appears as irregular black necrotic spots on both sides of the 
mango leaves and lesions, these often coalesce and form large necrotic areas, frequently 
along the leaf margins (Figure 1.5.) (Arauz, 2000; Prusky et al., 2009). Lesions develop 
primarily on young tissue, and conidia form in lesions of all leaf ages (Arauz, 2000; Fitzell 
et al., 1984). The first symptoms on panicles are small black or dark brown spots which 
can enlarge, coalesce and kill the flowers before fruits are produced, leading to greatly 
reduced yields (Nelson, 2008). 
 
On immature fruit, Ploetz et al. (2003) reported that the symptoms occur as small dark 
spots which can lead to fruit drop. Most green fruit infections remain latent and largely 
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invisible until fruit ripening, thus fruits that appear healthy at harvest time will develop 
anthracnose lesions quickly after eating-ripe stage. Ripe fruits with anthracnose develop 
sunken, prominent, dark brown to black decay spots before or after picking (Arauz, 2000; 
Nelson, 2008). A second symptom type on fruit consists of a ‘tear stain’ symptom (Figure 
1.4A) which appears as linear necrotic regions on the fruit that may develop into wide, 
deep cracks in the epidermis often extending into the pulp (Nelson, 2008) causing an 
“alligator skin” effect. 
 
 
 
Figure 2.4. Anthracnose symptoms on mango fruit and leaf. (A) Tear stain. (B) 
Anthracnose lesion on harvested fruit. (C) Sporulation of Colletotrichum 
gloeosporioides on anthracnose lesion. (D) Anthracnose disease on detached 
mango leaves. 
(A) (B) 
(D) (C) 
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2.2.3. Infection process, disease cycle and epidemiology 
 
The infection process of C. gloeosporioides on mango has been examined in several 
studies (Arauz, 2000; Dinh et al., 2003; Fitzell & Peak, 1984; Fitzell et al., 1984; Jeffries et 
al., 1990). Fitzell and Peak (1984) reported that anthracnose disease spreads within 
mango trees by water-borne conidia of Colletotrichum gloeosporioides var. minor. Conidia 
were produced in lesions on leaves, on defoliated branch terminals, on mummified 
inflorescences and on flower bracts as well as on fruits (Dodd et al., 1991; Fitzell & Peak, 
1984). Spore trapping experiments conducted during the flush growth and flowering stages 
demonstrated that the majority of conidia derived from lesions in young leaves (Fitzell & 
Peak, 1984). Following initial infections and subsequent lesions, the conidia produced 
were then dispersed by rain splash to other leaves or flowers causing secondary 
infections. The conidia adhered to the cuticle at the onset of germination to produce germ 
tubes followed by melanised appressoria on the fruit surface (Figure 1.5) (Arauz, 2000). 
The appressoria then form infection pegs which allow the fungus to penetrate the cuticle 
and continued growth to reach the underlying epidermal cells (Arauz, 2000; Prusky, 1996; 
Prusky et al., 2009). In the case of postharvest anthracnose, infection is actually initiated in 
the field on the developing fruits but remains quiescent until the onset of ripening, which 
occurs after harvest. the start of the climacteric period of the fruit is followed by the  lesion 
development (Figure 1.5). 
 
The effects of humidity and temperature on conidial germination and appressorium 
formation of C. gloeosporioides have been studied in Australia (Fitzell & Peak, 1984; 
Fitzell et al., 1984) and in the Philippines (Dodd et al., 1991; Estrada et al., 2000). There is 
an agreement amongst these studies in the humidity and temperature requirements. 
Conidia were observed to germinate and form appressoria at relative humidities (RH) > 
95% and in temperatures between 25°C and 30°C. In addition, Estrada et al. (2000) 
studied a comparison of rates of germination and appressorium formation of an isolate of 
C. gloeosporioides on mango leaves, fruit surfaces and cellophane membranes. Their 
results showed that frequency of appressorium formation was slightly higher on cellophane 
membranes compared with leaves and fruit, and on the cellophane both hyaline and 
melanised appressoria formed, whereas on the mango fruit surface only melanised 
appressoria were observed. Approximately 18% of conidia of C. gloeosporioides held at 
either 62% or 86% RH for 4 weeks retained viability, with a subsequent portion capable of 
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forming appressoria when placed at 100% RH. On the study of infection process of C. 
gloeosporioides on mature but unripe detached mango fruits cv. ‘Nam Doc Mai’ conducted 
by Dinh et al. (2003), germination and appressorium formation started at 12 h and 14 h 
respectively after deposition of conidia on the peel under the optimum conditions with RH 
at 95-100% and temperature at 25°C. After 48 h, 60% of fungal propagules present had 
produced appressoria. The observations by Dinh et al. (2003) with regard to the infection 
process of C. gloeosporioides were however only made on the variety “Nam Doc Mai’;  the 
infection process of C. gloeosporioides on the fruit of other mango varieties have not been 
assessed. 
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Figure 2.5. Anthracnose cycle and steps of infection process of C. gloeosporioides. 
Solid lines represent disease cycle. Dotted lines represent mango phenology 
(Arauz, 2000) 
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2.3. Mechanisms of defense response in mango 
During the last 30 years, there has been an increase in the interest in the mechanisms of 
defence responses in mango to postharvest diseases, especially for anthracnose disease 
during pre- and post-harvest (Droby et al., 1986, 1987; Prusky, 1996; Prusky et al., 2009). 
However, defence pathways in mango are not yet fully understood. In this section, the role 
of alk(en)ylresorcinols, pathogenesis-related proteins and defensive enzymes will be 
reviewed.  
2.3.1. Pre-formed alk(en)ylresorcinols  
 
The resistance of unripe mango to C.gloeosporioides and Alternaria alternata has been 
attributed to the high concentration of a mixture of 5-substituted resorcinols in the peel 
(Droby et al., 1986; Prusky et al., 2009) and the latex (Hassan et al., 2011; Hassan et al., 
2007; Hassan et al., 2009; Hassan et al., 2005b), including 5-n-heptadecenylresorcinol 
and 5-n-pentadecylresorcinol (Figure 1.6). The concentration of these alk(en)ylsresorcinols 
was found to be the highest in the peel of immature fruit and decreased in concentration 
as fruit ripens (Droby et al., 1986, 1987).  Droby et al. (1986) reported that the 
concentration of these resorcinols declined from 195 to 165 µg/g fresh weight in mango cv. 
Tommy Atkins 12 days after harvest (DAH) and from 212 to 177 µg/g fresh weight in 
mango cv. Haden 17 DAH when disease lesions caused by A. alternata developed on the 
fruit surface. 
 
 A decline in the concentration of antifungal resorcinols in the fruit peel across different 
stages of ripening was observed in the mango cv. ‘Karutha Colomban’ (Karunanayake et 
al., 2011). The concentration of 5-n-heptadecenylresorcinol decreased significantly from 
59.9 mg/g FW at day 1 (unripe) to 24.1 mg/g FW at day 3 (colour break) and 8.4 mg/g FW 
at day 9 (ripe). Whereas, the concentration of 5-n-pentadecylresorcinol declined largely 
between day 1 and day 3, from 27 mg/g FW to 5.6 mg/g FW, but increased again to 20.1 
mg/g FW at day 9 when fruit reached the over-ripe stage. However, this is in contrast to 
the finding by Zainuri (2006) who reported that large declines in the concentration of these 
alk(en)ylresorcinols did not occur in the peel of the variety ‘Kengsington Pride’ after 
harvest extending to the end of the ripening stage. Hassan et al. (2007) found that 
concentrations of 5-n-heptadecenylresorcinol were significantly lower at the ‘sprung’ stage 
(the stage at which fruits just started to soften as felt by hand pressure) and ‘eating ripe’ 
stage (when fruits were ready for eating) compared with levels at harvest, whilst 
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concentrations of 5-n-pentadecylresorcinol did not differ significantly during the three 
stages of ripening. 
 
Figure 2.6. Chemical structure of the 5-substituted resorcinols in mango peel (Oka 
et al., 2004)   
 
Hassan et al. (2007) found a strong positive correlation between the levels of constitutive 
alk(en)ylresorcinols in peel and the degree of resistance to C. gloeosporioides in 
Australian commercial mango varieties. The fruit peel of the varieties ‘Kensington Pride’ 
and ‘Keitt’ had the highest levels of both 5-n-heptadecenylresorcinol (107.3-123.7 and 
49.9-61.4 mg/g FW (fresh weight), respectively) and 5-n-pentadecylresorcinol (6.32-7.99 
and 3.30-6.05 mg/g FW, respectively) compared with the varieties ‘Kent’, ‘R2E2’, ‘Nam 
Doc Mai’, ‘Calypso’ and ‘Honey Gold’. Correspondingly, the fruits of the two higher 
resorcinol varieties showed a degree of resistance to postharvest anthracnose greater 
than that of other varieties assessed (Hassan et al. 2007). In addition, the concentration of 
alk(en)ylresorcinols in the varieties ‘Nam Doc Mai’ and ‘Kent’ in a study conducted by 
Knödler et al. (2009) found the levels of allergenic 5-alk(en)ylresorcinols in mango peel, 
pulp, and fruit products to be low. The total alk(en)ylresorcinols in the peel of these two 
varieties was the lowest amongst different mango varieties, with 79.33 mg/kg of DM (dry 
matter) for ‘Nam Doc Mai’ variety and 395.88 mg/kg of DM for ‘Kent’. This study confirmed 
varietal differences in alk(en)ylresorcinol concentration, irrespective of growing conditions 
and cultivation site (Knödler et al., 2009).  
 
Studies on in vitro antifungal assay of alk(en)ylresorcinols performed by Zainuri (2006) 
indicated that the two alk(en)resorcinols, as discussed above,  were found to have 
inhibitory effects against C. gloeosporioides. However, antifungal activity of 5-n-
pentadecylresorcinol at the concentration of 0.3 mg/ml was stronger than the 
corresponding concentration of 5-n-heptadecenylresorcinol, although the concentration of 
5-n-heptadecenylresorcinol was on average 18 times higher than those of 5-n-
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pentadecylresorcinol at harvest ( Hassan et al. (2007). In addition, these 
alk(en)ylresorcinols were also present in mango sap (latex), contributing to the antifungal 
activities of mango sap (Hassan et al., 2009; Karunanayake et al., 2011). Hassan et al. 
(2011) concluded that significant quantities of alk(en)ylresorcinols were removed during 
desapping of mangoes at harvest. The non-aqueous phase sap contains most of the 
alk(en)ylresorcinols, but fruit physiological maturity may have a major influence on the 
concentrations present. Retention of alk(en)ylresorcinols in the fruit exocarp after harvest 
in the variety ‘Kensington Pride’ has thought  to contribute to resistance against 
postharvest anthracnose, but not in the variety ‘R2E2’ due to its lower concentration of 
alk(en)ylresorcinols in sap properties (Hassan et al., 2011). 
 
2.3.2. Pathogenesis-related proteins and defensive enzymes 
Apart from constitutive alk(en)ylresorcinols, there has been a limitation in the scientific 
literature with regards to the role of pathogenesis-related proteins (PR-proteins) and other 
defensive enzymes in mango defence mechanisms. PR-proteins are strongly induced in 
response to infection by pathogens and accumulate abundantly at the site of infection, 
contributing to systemic acquired resistance (Leubner-Metzger & Meins Jr, 1999). β-1,3-
glucanase and chitinase are known as PR-proteins, belonging to the PR-2 and PR-3, 
respectively (Van Loon & Van Strien, 1999). These two classes of PR-proteins may be 
involved in plant defence mechanisms since they are capable of degrading fungal cell wall 
β-1,3-glucan polysaccharide (Leubner-Metzger & Meins Jr, 1999; Mohammadi & Karr, 
2002) and chitin components, leading to the inhibition of fungal growth (Yuying et al., 
2001). Chitinase and β-1,3-glucanase may have a direct response by blocking the growth 
of hyphae as they attempt to invade the intercellular space or act indirectly by releasing 
fungal elicitors that induce additional PR-proteins activity, phytoalexin formation  and other 
defence reactions in the host (Klarzynski et al., 2000; Kurosaki et al., 1988). Shakhbazau 
and Kartel (2008) reported that expression of the endochitinase gene from Serratia 
plymuthica in transgenic tobacco and potato inhibited 60% of the growth of two fungal 
pathogens, Fusarium oxysporum and Alternaria solani as compared to that of non-
transgenic control. Being a class of PR-proteins, β-1,3-glucanase is capable of defending 
against fungi by hydrolyzing fungal cell walls, which consequently causes the fungal cells 
to lyse. In addition, this PR protein was found to have an indirect role in defence response 
by causing the formation of oligosaccharide elicitors which elicit the production of other 
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PR- proteins or low molecular weight antifungal compounds, namely phytoalexins 
(Klarzynski et al., 2000). 
 
Phenylalanine ammonia lyase (PAL) is the primary enzyme that converts L-phenylalanine 
to trans-cinnamic acid with the elimination of ammonia. PAL has been demonstrated in 
metabolic activity of many higher plants and is the key enzyme in the synthesis of several 
defence-related secondary compounds, such as phenols and lignins (Hemm et al., 2004) . 
Polyphenol oxidase (PPO) is a nuclear encoded, plastid copper-containing enzyme, which 
catalyses the oxygen dependent oxidation of phenols to quinones. Because of 
conspicuous reaction products and induction by wounding and pathogen attack, PPO has 
been frequently suggested to participate in plant defence against pathogens. The role of 
PAL and PPO have been reported to be involved in resistance to bacterial wilt of tomato 
(Vanitha et al., 2009), soft rot of potato (Ngadze et al., 2012) and downy mildew of pearl 
millet (Geetha et al., 2005). Vanitha et al. (2009) found that there has been a significant 
increase in the enzyme activities of PAL and PPO in tomato resistant cultivars following 
pathogen inoculation. However, the increase in enzyme activities and total phenol content 
were not significant in susceptible and highly susceptible cultivars. Similar results have 
been found by Ngadze et al. (2012) who reported that PAL activity increased significantly 
with time in 18 potato varieties and the highest activity was observed 8 h after sectioning 
the tubers. More importantly, the resistance of the varieties was strongly correlated with 
high PPO and PAL enzyme activity as well as increased concentrations of chlorogenic 
acid and total soluble phenols. 
 
There are few reports of the activities of PR-protein, PAL, PPO and other biochemical 
defence responses in mango. A study on the role of chitinase and β-1,3-glucanase in 
defence mechanism against mango malformation disease in resistant and susceptible 
varieties was first reported by Ebrahim et al. (2011). The different degree of resistance to 
floral malformation associated with the changes in the activities of chitinase, β-1,3-
glucanase and lignin content in the leaves of 12 mango cultivars. Their results revealed 
that the activity of chitinase and β-1,3-glucanase in the leaves were significantly high in 
mango cultivars resistant to malformation during the flowering period, whereas lignin 
content did not show a significant correlation with malformation intensity. The highest 
activity of chitinase (1.97-2.01 units) and β-1,3-glucanase (80.54-82.06 units) was 
recorded in resistant cultivar ‘Bhadauran’ and ‘Elaichi’. In contrast, the activities in highly 
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susceptible varieties including ‘Amarapali’, ‘Eldon’ and ‘Neelum’ were less than 1.01 units 
and 25.21 units for chitinase and β-1,3-glucanase activity, respectively. Remarkably, there 
was a strong negative correlation between chitinase and β-1,3-glucanase and the intensity 
of mango malformation, thus suggesting that these two PR-proteins may be contributing 
towards resistance to malformation in mango and these enzymes activities can be used as 
a criterion to predict and screen the mango germplasm and cultivars in resistance to floral 
malformation (Ebrahim et al., 2011). However, this study was only focused on quantifying 
the constitutive activities of chitinase and β-1,3-glucanase in different mango varieties, and 
the enzyme activities following pathogen inoculation have not been studied.  
 
Karunanayake et al. (2011) recently reported that chitinase activity in the peel of unripe 
mango decreased after harvest in both resistant and susceptible varieties. In the cultivar 
‘Willard’ susceptible to anthracnose, the chitinase activity was higher in the peel when 
latex was not drained (0.048 units/µl) compared with the peel of fruits from which latex was 
drained (0.032 units/µl) on day 1 (unripe) after harvest. On day 3 (colour break), the 
chitinase activity in the fruits from which latex was not drained had decreased by 39.5%, 
being on average 1.3 times higher than that in the fruits from which latex was drained. A 
similar result was observed when the resistant cultivar ‘Karutha Colomban’ was assessed. 
 
The level of peroxidase, polyphenol oxidase and catalase activity in mango malformation 
in both  susceptible and resistant cultivars of Indian mango at different developmental 
flower bud stages has been investigated (Singh, 2006). The resistant cultivar ‘Elaichi’ was 
found to have the highest PPO activity (2.83 min/g FW) as compared to susceptible 
cultivars including ‘Amrapali’ (1.74 min/g FW) and Dashehari (1.22 min/g FW). The lowest 
activity (1.20 min/g FW) was found in the most susceptible cultivar ‘Beauty Mc-lin’. 
Peroxidase (POD) and catalase activities were found to be higher in the resistant variety 
than the susceptible ones. In the range of mango varieties grown in Australia, the role of 
chitinase, β-1,3-glucanase and other enzyme activities, such as POD, PPO and PAL in 
defence mechanisms against postharvest anthracnose in resistant and susceptible 
varieties has yet to be assessed. 
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2.4. Mango polyphenols 
2.4.1. Overview of mango polyphenols and their antioxidant activities 
 
Polyphenols are secondary metabolites of plants and are widely distributed in beverages 
and plant-derived foods. Recently, there has been an increasing interest in the study of 
mango phenolic compounds from mango fruits, peels, seeds, leaves, flowers and stem 
bark due to their health promoting properties that make consumption of mangoes and 
derived products a healthy food choice (Ajila et al., 2007; Berardini et al., 2005b; Masibo & 
He, 2008; Ribeiro et al., 2008). The mango is a rich source of various polyphenolic 
compounds. The major polyphenols in the mango in terms of antioxidative capacity 
includes mangiferin, catechins, quercetin, kaempferol, rhamnetin, anthocyanins, gallic and 
ellagic acids, propyl and methyl gallate, benzoic acid, and protocatechuic acid. Mango 
polyphenols, like other polyphenolic compounds, work mainly as antioxidants, a property 
that enables them to protect human cells against damage due to oxidative stress leading 
to lipid peroxidation, DNA damage, and many degenerative diseases (Masibo & He, 2008) 
2.4.2. Polyphenolic composition  
 
Studies on polyphenolic composition have been conducted in different parts of mango, 
including on peels and pulp (flesh) (Barreto et al., 2008; Berardini et al., 2004; Berardini et 
al., 2005a; Schieber et al., 2003) as well as on bark, kernels, old leaves and young leaves 
(Barreto et al., 2008). In mango pulp, mangiferin, gallic acids (m-digallic and m-trigallic 
acids), gallotannins, quercetin, isoquercetin, ellagic acid, and β-glucogallin have all been 
identified. The polyphenolic constituents of mango peel included mangiferin, quercetin, 
rhamnetin, ellagic acid, kaempferol, and their related conjugates (Berardini et al., 2005a). 
Besides the pulp and the peel, mango seed kernels have beenshown to be rich in 
polyphenols with potent antioxidative activity, but paradoxically seeds are discarded as 
waste during processing and consumption of the mango fruit. Various polyphenolic 
compounds were identified and quantified by Abdalla et al. (2007) who reported that 
tannin, gallic acid, coumarin, caffeic acid, mangiferin, ferulic acid and cinnamic acid were 
observed in mango seed kernels. In mango leaves and bark, mangiferin, galloyltannins, 
hydroxyl benzoyl esters, and epicatechin have been observed (Barreto et al., 2008) 
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2.4.3. Total phenolic compounds, xanthone glycosides and flavonols in mango peel 
In a study of the polyphenolic compounds of mango peel, mangiferin was found to be most 
abundant (1690.4 mg/kg DM), followed by quercetin 3-O-galactoside (651.2 mg/kg DM) 
(Table 1). In addition, the levels of total phenolic compounds, xanthone glycosides and 
flavonol were variable in the peel of 14 mango varieties screened by Berardini et al. 
(2005a). The levels of total polyphenols were the lowest in the varieties ‘Mon Duen Gao’ 
(354.4 mg/kg DM), ‘R2E2’ (399.4 mg/kg DM) and ‘Nam Doc Mai’ (485.6 mg/kg DM), 
whereas the highest concentration were found in the varieties ‘Jose’ (4860.2 mg/kg DM), 
‘Tommy Atkins’ (4440.0 mg/kg DM) and ‘Haden’ (2936.4 mg/kg DM). 
Mangiferin was the predominant compound in the cultivars ‘Chok Anan’ (1297.1 mg/kg 
DM), ‘Tommy Atkins’ (1263.2 mg/kg DM), ‘Maha Chanock’(973.9 mg/kg DM), and ‘Kaew’ 
(588.5 mg/kg DM). Considerably smaller amounts were found in the cultivars ‘R2E2’ (82.9 
mg/kg DM), ‘Nam Doc Mai’ (78.1 mg/kg DM), ‘Mon Duen Gao’ (68.0 mg/kg DM), ‘Kent’ 
(13.9 mg/kg DM) and ‘Haden’ (11.2 mg/kg DM). In the majority of samples investigated, 
quercetin 3-O-galactoside was found to be the predominant compound, ranging from 
approximately 120 mg/kg DM in the variety ‘Mon Duen Gao’ to almost 1470 mg/kg DM in 
the variety ‘Jose’. In general, these results indicate that mango peel is well known for a 
rich source of phenolic compounds; however, significant differences amongst the varieties 
were observed. 
Table 2.1. Phenolic compounds in the peel of mango variety ‘Tommy Atkins’ on dry 
matter basis (Berardini et al., 2005b) 
Compound Amount (mg/kg 
dry matter) 
Mangiferin 1690.4 
Mangiferin gallate 321.9 
Isomangiferin 134.5 
Isomangiferin gallate 82 
Querectin 3-O-galactoside 651.2 
Quercetin 3-O-glucoside 557.7 
Quercetin 3-O-xyloside 207.3 
Quercetin 3-O-arabinopyranoside 101.5 
Quercetin 3-O-arabinofuranoside 103.6 
Quercetin 3-O-rhamnoside 20.1 
Kaempferol 3-O-glucoside 36.1 
Rhamnetin 3-O- 
galactoside/glucoside 94.4 
Quercetin 65.3 
Total phenolics 4066 
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2.4.4. Mangiferin associated with malformation disease and its antimicrobial 
capacity 
 
Amongst several foliar and floral diseases, malformation disease is one of the most 
destructive mango diseases and mainly caused by three fungal pathogens in the Fusarium 
genus which are Fusarium moniliforme Sheld., Fusarium sterilihyphosum Britz, Wingfield 
and Marasas, and Fusarium oxysporum Schlecht emend. Snyder and Hansen (Prusky et 
al., 2009). Malformation affects vegetative and floral inflorescence tissue. Vegetative 
malformation is most serious on seedlings and plants in nurseries, particularly where 
seedlings are grown beneath affected trees, a common practice in the Middle East (Ploetz 
et al., 2002). Apical and axillary buds produce misshapen shoots with shortened inter-
nodes and dwarfed leaves are brittle and recurve, while shoots may not expand fully, 
resulting in a bunched appearance. Malformed floral inflorescences usually do not set fruit 
or fruits are aborted. Primary or secondary axes on malformed panicles are shortened, 
thickened and highly branched. Affected panicles produce up to three-fold the normal 
number of flowers, ranging from one-half to two-fold the normal size, and the proportion of 
male to perfect flowers is also increased. Affected panicles may also produce dwarfed and 
distorted leaves (Ploetz & Freeman, 2009). 
 
Several studies on the association of mangiferin with malformation disease have been 
conducted (Chakrabarti et al., 1990; Haggag et al., 2011; Singh, 2006; Yadav et al., 2012). 
Mangiferin (C 2- β –D –glucopyranosyl-1, 3, 6, 7-tetrahydroxyxanthone) (Figure 1.7A) was 
found to promote vegetative growth and have a correlation with the malformation intensity. 
Mangiferin remained at a lower level in the leaves of malformed shoots as compared to the 
healthy ones and the floral malformation was found to be associated with the reduction of 
mangiferin in flowers (Haggag et al., 2011). In addition, Singh (2006) studied the levels of 
constitutive mangiferin in malformation resistant and susceptible cultivars of mango during 
different developmental stages. However, changes of concentrations of mangiferin 
following pathogen inoculation have not been studied.  The range of mangiferin content 
was found to be high in the resistant variety ‘Elaichi’ (28-108mg/g FW), as compared to the 
susceptible variety ‘Beauty Mc-lin’ (19-74 mg/g FW), ‘Amrapali’ (20-83 mg/g FW) and 
‘Dashehari’ (19.9-90 mg/g FW).  The level of mangiferin in all cultivars reached the first 
peak in September prior to autumn flushing and flower bud differentiation. The second 
peak was observed in February before spring flush and complete flowering.  Additionally, 
the proportion of malformed panicles was quantified at the end of flowering season in 
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March. The highest percentage was ‘Beauty Mc-lin’ (75.01%), followed by that of 
‘Amrapali’ (35.0%) and ‘Dashehari’ (15.1%), whereas there was no malformation in 
‘Elaichi’.  
 
Antimicrobial and antifungal activities of mangiferin have been reported in the studies of 
(Ghosal et al., 1977), Chakrabarti and Ghosal (1985) and Stoilova et al. (2005). It has 
been demonstrated that mangiferin was found to have antibacterial effects with regards to 
both Gram-positive and Gram-negative bacteria. Amongst the Gram-positive 
microorganisms, the most sensitive species to mangiferin was Bacillus pumilus, whereas 
Salmonella agona was found to be the most sensitive to mangiferin amongst the Gram-
negative species (Stoilova et al., 2005). Ghosal et al. (1977) found that mangiferin 
possessed antifungal activity against Fusarium oxysporum f. carthami when treated 
safflower seeds were shown in the presence of the pathogen. Aqueous sodium carbonate 
solutions (1%) of mangiferin at different concentrations (1 x 10-5 M, 1 x 10-4 M and 1 x 10-3 
M) were used for determining the antifungal capacity. In all seed treatment experiments at 
ambient temperature of 21±2°C, 100 seeds (10 seeds/batch) were used for the non-
treated control (1% sodium carbonate solution) and the mangiferin-treated groups.  
Safflower seedlings grown from mangiferin-treated seeds in infested potting soil were 
protected for up to 2 weeks from infection by three strains of the known fungus to cause 
safflower wilting.  
 
      
(A) Mangiferin 
(B) 
Quercetin 
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Figure 2.7. Chemical structure and IUPAC name of mangiferin ((1S)-1,5-Anhydro-1-
(1,3,6,7-tetrahydroxy-9-oxo-9H-xanthen-2-yl)-D-glucitol) (A); quercetin (2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) (B); hyperoside (2-(3,4-
dihydroxyphenyl)-3-[(3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-
4H-chromene-4,5,7-triol) (C); (http://pubchem.ncbi.nlm.nih.gov)     
2.4.5. Antifungal activities of phenolic compounds in mango 
Apart from mangiferin, antifungal and antibacterial activities of flavonoids isolated from 
mango leaves have been recently studied (Kanwal et al., 2010; Kanwal et al., 2009). Five 
flavonoids, namely (-)-epicatechin-3-O-β-glucopyranoside,5-hydroxy-3-(4-
hydroxylphenyl)pyrano[3,2-g]chromene-4(8H)-one, 6-( phydroxybenzyl) taxifolin-7-O-β-D-
glucoside (tricuspid), quercetin-3-O-α-glucopyranosyl-(1→2)-β-D-glucopyranoside and (-)-
epicatechin(2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol, were isolated 
from mango leaves. These flavonoids at the different concentrations from 100 ppm to 1000 
ppm were found to have antifungal activity against five fungal species, including Alternaria 
alternata (Fr.) Keissler, Aspergillus fumigatus Fresenius, Aspergillus nigervan Tieghem, 
Macrophomina phaseolina (Tassi) Goid. and Penicillium citrii. Besides this, antibacterial 
capacity of these flavonoids was also observed at the same concentrations. 
 
Baidez et al. (2006) studied in vitro antifungal capacity of quercetin (Figure 1.7B) against 
Phytophthora megasperma Drechsler and Cylindrocarpon destructans (Zinssm.) Scholten. 
In the case of P. megasperma, quercetin (3mg/L) led to the presence of a large number of 
protuberances or malformed hyphae, altering their normal morphology. Similarly, quercetin 
(14 mg/L) was found to affect the growth, morphology and ultrastructure of C. destructans. 
The media containing quercetin was observed to have an overproduction of resistance 
(C) Hyperoside 
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structures of usually mature chlamydospores grouped together and most of the hyphae 
also collapsed. Besides this, Jia et al. (2010) reported that quercetin was found to 
contribute to the pathogen resistance in Arabidopsis thaliana (Arabidopsis) in response to 
the infection of virulent strain Pseudomonas syringe pv. Tomato (Pst). DC3000. Their data 
indicated that combination of quercetin treatment and Pst inoculation can efficiently induce 
cellular defensive responses in Arabidopsis. In addition, similar protective effects were 
observed in the jar1, ein2, and abi1-2 mutants, but not in the NahG and npr1 mutants, 
demonstrating that quercetin protects Arabidopsis against Pst infection through both 
quercetin-mediated H2O2 generation and the involvement of SA and NPR1 (Jia et al., 
2010). 
 
In vitro antifungal capacity of quercetin 3-O-galactoside (Hyperoside) (Figure 1.7C) against 
a range of  fungal pathogens including Pestalotia guepinii, Drechslera sp. and Fusarium 
avenaceum was reported in the study of Li et al. (2005). The EC50 (effective concentration 
that inhibits mycelial growth by 50%) of hyperoside against Drechslera sp. and P. guepinii 
was less than 50 µg/ml, while that concentration against F. avenaceum was 75 µg/ml. 
These results showed that hyperoside had inhibitory effects with fungal pathogens. Apart 
from this, gallotannin antifungal activity in the peel of mango fruit have been reported in the 
study of  Karunanayake et al. (2011). The methanol (50 µl) phase of each mango peel 
extracted at different stages of ripening was subjected to a thin layer chromatography 
(TLC) Cladosporium bioassay. Their results showed that the inhibition zone was found to 
be high when extracted 1 day after harvest (485 mm2) and declined gradually by about 
20% when the fruit reached colour break stage 3 days after harvest. A further decline by 
8% was observed when ripening advanced from day 3 (385 mm2) to day 5 (335 mm2). At 
the fully ripe stage at day 10, when anthracnose had set in, the inhibition zone had 
declined by approximately 40% (287 mm2). 
2.5. Sorghum polyphenols and its antimicrobial capacity 
 
Sorghum (Sorghum bicolour (L.) Moench) is considered to be one of the main cereal food 
crops in many parts of the world, particularly in developing countries in Asia and Africa 
where it is used as an important staple food, folk medicine and animal feed (Devi et al., 
2011; Kil et al., 2009). Besides this, antimicrobial effects of sorghum polyphenols have 
been reported in several studies, thus this section will focus on phytoalexins and sorghum 
crude extracts in terms of antifungal and antibacterial activities. 
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2.5.1. Sorghum 3-deoxyanthocyanidin phytoalexins 
 
Phytoalexins are defined as low-molecular-weight antimicrobial compounds synthesised 
by plants in  response to infection or stress (Nicholson & Hammerschmidt, 1992).  In the 
genus Sorghum, the 3-deoxyanthocyanidins serve as the principal and unique 
phytoalexins (Liu, Du, et al., 2010; Lo et al., 1996). This response is an active process, 
resulting in rapid accumulation of high levels of 3-deoxyanthocyanidin phytoalexins in 
infected tissues (Snyder & Nicholson, 1990). Lo et al. (1999) studied two sorghum cultivars 
which differed in their reaction to Colletotrichum sublineolum, the fungal pathogen causing 
anthracnose disease in sorghum, in order to investigate phytoalexin response between 
resistant and susceptible varieties. Their results showed that defence responses in the 
resistant cultivar were characterized by a greater and faster accumulation of phytoalexins 
compared to the susceptible cultivar. In addition, the resistant cultivar accumulated a 
complex phytoalexin mixture, consisting of 5-methoxyluteolinidin and luteolinidin, neither of 
which was observed in the susceptible cultivar following pathogen inoculation (Lo et al., 
1996; Lo et al., 1999). This is supported by Wharton and Julian (1996) who reported that 
the accumulation of 3-deoxyanthocyanidins occurs much more rapidly in infected cells of 
resistant cultivars than in susceptible cultivars, preventing the proliferation of fungal 
hyphae throughout the tissue. In sorghum leaf tissue, these phytoalexins first appear in the 
cells which are being invaded, where they accumulate in inclusions in the cytoplasm 
(Snyder & Nicholson, 1990). The inclusions migrate to the site of attempted penetration, 
where they become pigmented, lose their spherical shape and ultimately release their 
contents into cytoplasm, thus killing the cell and restricting further development of the 
fungal pathogen. 
 
2.5.2. Sorghum crude extracts 
 
Sorghum crude extracts have been shown to have antioxidant and antimicrobial activities. 
Kil et al. (2009) conducted research on sorghum seed crude extract of 25 cultivars from 
South Korea in terms of antioxidant and antimicrobial activities against the causal agents 
of food spoilage which is considered the major issue facing the food industry.  Their results 
show that these crude extracts could be used in the food industry as antioxidant and 
antimicrobial ingredients. In addition, Soetan et al. (2006) reported that the n-butanol 
purified saponin of sorghum  had inhibitory effects on Gram-positive organisms but not on 
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gram-negative organisms nor on fungi. This result was supported by Khadambi (2007) 
who concluded that tannin extracted from sorghum could be used as antimicrobial agents 
to inhibit the growth of Gram-positive bacteria.  
2.6. Sorghum grain biorefinery by-products  
 
Ethanol is derived from the fermentation of sugars and starch derived mostly from 
vegetable material, namely grain or sugar cane (Bonnardeaux, 2007). The process of 
ethanol production from dried distillers grains is shown  in a  flowchart in Figure 2.8. 
Distillers grain by-products are used as high protein livestock feed supplements. 
 
 
 
 
 
Figure 2.8. Distillers sorghum grains flowchart (http://www.dbrl.com.au) 
(Bonnardeaux, 2007) 
Yeast fermentation converts the starch component of the grain to ethanol and carbon 
dioxide during ethanol production.  The remaining nutritional components, protein, fat, 
fibre, vitamins and minerals are concentrated three-fold and are a valuable feed for 
livestock. Distillers grains, syrup and carbon-dioxide are the co-products created in the 
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production of ethanol. The residue is centrifuged to separate the grain solids (wetcake) 
from the liquid solubles. The liquid solubles are further concentrated to produce "Syrup" 
which can be mixed with the wetcake or sold "as is". The wetcake or Wet Distiller Grains 
(WDG), typically has a moisture level of 65% and may be dried further to produce Dried 
Distillers Grains (DDG). In general, Distillers Grains is an excellent source of protein and 
still has the same energy content as dry-rolled sorghum.  
Bonnardeaux (2007) reported that the two most common versions of distillers grains 
consumed by the livestock are Wet Distillers Grains (WDG or wetcake) and Dried Distillers 
Grains (DDG). WDG contains primarily unfermented grain residues including protein, fibre, 
fat and up to 70% moisture, while Dried Distillers Grains with Solubles (DDGS) is WDG 
that has been dried with the condensed thin stillage to 10-12% moisture.  
 
Currently, there is no other industry than the livestock industry to absorb the Distillers 
Grains. Potential alternative markets which are human consumption and industrial uses 
have been taken into account. Due to the richness in fibres and proteins in both wet and 
dry form, Distillers Grains can be incorporated in baked goods for humans although its 
smell and taste would take time to be accepted by consumers. Besides this, DDG could be 
used as a soil conditioner in agriculture, fractionation where fractions of the grain are 
utilized in the pre-fermentation process for ethanol production, anaerobic digestion. 
Generally, the distillers grains is converted into biogas and fertilizer or re-using distillers 
grains with the enzymes added to convert the sugars to starch which can then be used in 
ethanol production (Bonnardeaux, 2007). 
 
2.7. Induced resistance by chemical activators for postharvest anthracnose in 
mango  
 
Pre-harvest and post-harvest treatments of chemical elicitors to induce resistance of 
mango to anthracnose disease have been reported in several studies. Zainuri (2006) 
studied the efficacy of Acibenzolar-S-methyl (ASM) in the form of Bion® and solube silicon 
in the form of Kasil® by applying in the glasshouse and in field trials of ‘Kensington Pride’ 
mango. Her results showed that the activity of both chitinase and β-1,3-glucanase in 
mango leaves were induced by ASM and soluble silicon either when applied as a spray 
and soil drench treatment. However, there were inconsistent results by applying ASM as a 
pre-harvest dip in the different seasons and different orchards, although these two 
activators were found to reduce disease severity. Multiple dips of these activators did not 
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enhance their effectiveness against postharvest anthracnose and the activators were 
significantly less effective than Amistar® in controlling the disease. Soil drench treatments 
of Bion® and Kasil® also did not enhance the level of chitinase and β-1,3-glucanase 
activities. 
 
Postharvest treatments of mango have been studied by applying ASM (Zhu et al., 2008) 
salicylic acid (SA) (Zainuri et al., 2001; Zeng et al., 2006), and chitosan (Jitareerat et al., 
2007). In the SA treatment, Zeng et al. (2006) reported that disease incidence and lesion 
diameter in the fruit of the mango cv. ‘Matisu’ dipped with SA were 37.5% and 20.9% lower 
as compared to the control fruits after 4 days of incubation. More importantly, activities of 
defensive enzymes in the treated fruit were significantly induced by SA treatment. The 
activity of phenylalanine ammonia lyase (PAL) and β-1,3-glucanase in SA-treated fruit was 
over 6- or 0.9-fold higher than that in untreated fruit on the 4th day after the fruit being 
dipped in SA, respectively. The level of hydrogen peroxidase (H2O2) and superoxide (O2-) 
were also found to be significantly higher in SA-treated fruit than SA-untreated fruit. In 
another study conducted by Zainuri et al. (2001), treatment of  ‘Kensington Pride’ mango 
fruit at the concentration of 2000 mg/L SA was found to reduce anthracnose disease, 
although defensive enzyme activities were not involved in this study. 
 
ASM-induced resistance to postharvest anthracnose disease have been reported in the 
studies of Lin et al. (2011) and Zhu et al. (2008) and this was related to enhanced activities 
of defensive enzymes including PAL, PPO, POD, chitinase, β-1,3-glucanase and total 
phenolic compounds content (Zhu et al., 2008).  Lin et al. (2011) reported that ASM-
induced resistance in harvested mango fruits were different between ‘Keitt’ and ‘Zill’ 
variety. ASM-treated with ‘Keitt’ fruit induced resistance in both varieties, although the 
anthracnose lesion diameter was found to reduce slightly in ‘Zill’ fruit-treated ASM as 
compared to the control fruit. Lesion diameter in ‘Keitt’ reduced from about 4.7 cm in fruit 
control to 3.2 cm in fruit-treated ASM, while these figures of ‘Zill’ were approximately 5.3 
cm and 5 cm, respectively. ASM-treated with ‘Keitt’ fruit also enhanced higher enzyme 
activities than that in ASM-treated with ‘Zill’ fruit. Remarkably, the content of total phenolic 
compounds in fruit-treated ASM was consistently higher than that of the fruit control (Lin et 
al., 2011). Similarly, disease incidence and lesion diameter in the fruit of mango cv. 
‘Tainong’ pre-treated with ASM before artificial inoculation with C. gloeosporioides were 
significantly reduced compared with that of the control fruit (Zhu et al., 2008). The activities 
of POD, PPO, PAL, chitinase and β-1,3-glucanase were also enhanced by ASM during the 
28 
 
incubation. In another study, ‘Nam Doc Mai’ fruit were treated after harvest with chitosan, a 
polycationic polymer of β-1,4,linked D-glucosamine chemically derived from crustaceans 
and soluble in organic acids (Jitareerat et al., 2007). Their results showed that chitosan-
treated fruit had a higher β-1,3-glucanase activity than the control fruit in the initial of 
treatment, but this was not consistent after 3 days of storage in which these enzyme 
activities were not significantly different between the chitosan-treated and control fruit. In 
addition, chitosan coating resulted in substantial delays to some processes involved in 
ripening, such as colour change, titratable acidity, and ascorbic acid content. In recent 
years, several studies on induced resistance to anthracnose disease caused by C. 
gloeosporioides and C. acutatum have been reported in a number of fruit crops, including 
papaya by treating chitosan and plant extracts (Bautista-Baños et al., 2003) and loquat 
fruit (Cao et al., 2010; Cao et al., 2009; Cao et al., 2008; Liu, Tu, et al., 2010). In general, 
their results are very promising to control this quiescent fungal pathogen after harvest 
instead of relying on fungicides. 
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Chapter 3: Development and validation of a leaf screening assay and varietal 
resistance to anthracnose in the leaves of Australian mangoes 
 
Abstract 
This study is aimed at the development and optimisation of a leaf assay for quantifying 
anthracnose severity on leaves in developmental leaf stages, and to assess and compare 
the resistance in leaves with that observed in fruit. The susceptibility of mango fruit to 
anthracnose among cultivars in Australia and worldwide has been previously reported, 
however resistance of mango leaves to anthracnose in different cultivars has not been 
elucidated due to the difficulty in reproducing the typical anthracnose symptoms on the 
leaves. A series of leaf screening assays was undertaken to indicate the key role of 
maintaining the high humidity during the whole incubation period to induce the typical 
anthracnose symptoms rather than keeping the high humidity in the first 48 hours after 
inoculation with Colletotrichum asianum, a fungal pathogen of Colletotrichum 
gloeosporioides species complex, causing anthracnose in mango. A significant negative 
correlation (R2=0.74, P<0.001) between leaf dry matter content and anthracnose lesion 
diameter has demonstrated the effect of leaf maturity on anthracnose disease 
development, where green and dark green leaf stages were found to be highly resistant to 
anthracnose, whereas flush and early green leaf stages were susceptible. To determine 
the varietal resistance in the leaves of Australian commercial mango cultivars, leaf 
screening assays were carried out in developmental leaf stages in the mago seasons from 
2013 to 2016. ‘Kensington Pride’ and ‘Keitt’ were identified as the resistant mango 
cultivars to anthracnose, whereas ‘R2E2’ and ‘Brooks’ were found to be susceptible. 
However, light microscopy studies of conidial germination and appressorial formation of 
Colletotrichum asianum on the early green leaf stage indicated no differences among the 
cultivars ‘Keitt’, ‘Kensington Pride’ and ‘R2E2’, suggesting that expression of resistance in 
leaves of the resistant cultivars occurs after appressorial formation.  
Key words: Colletotrichum gloeosporioides species complex, Colletotrichum asianum, 
anthracnose symptoms, screening assays, varietal resistance. 
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3.1. Introduction 
 
Postharvest diseases on fruit are well-known for reducing fruit quality and causing severe 
economic loss. Anthracnose caused by Colletotrichum gloeosporioides species complex is 
one of the most serious diseases on mango that limits the fruit production and significantly 
reduces the quality of fruit, particularly in humid growing regions (Arauz, 2000). Disease 
incidence caused by anthracnose can reach almost 100% in fruit produced under wet or 
very humid conditions (Prusky et al., 2009). Anthracnose symptoms occur on leaves, 
twigs, petioles, panicles and fruit (Nelson, 2008). On the leaves, the anthracnose appears 
as irregular black necrotic spots on both sides of the mango leaves and lesions often 
coalesce and form large necrotic areas, frequently along the leaf margins (Arauz, 2000; 
Prusky et al., 2009). Lesions start developing primarily on the young tissue, and are 
observed at all developmental leaf stages, from young to old leaves (Arauz, 2000; Fitzell et 
al., 1984). Most green fruit infections remain latent and largely invisible until fruit ripen, at 
which point the fungus resumes growth and forms the lesion (Arauz, 2000; Nelson, 2008). 
The typical symptoms of anthracnose include a large blackened depressed lesion, which 
in the case of the fruit generally extends into the flesh. 
 
Varietal resistance of mango fruit has been observed in Australia (Bally et al., 2013; 
Hassan et al. , 2007), Sri Lanka (Karunanayake et al., 2014) and elsewhere in the world 
(Dinh et al., 2003; Lima et al. , 2015; Nelson, 2008). For example, mango cv. Tommy Atkin 
was reported to be a resistant cultivar to postharvest anthracnose in Brazil (Lima et al., 
2015), while mango cv. Keitt was observed to be resistant to anthracnose in China (Gong 
et al., 2013). In Australia, Hassan et al. (2007) found significance differences among 
Australian commercial cultivars to postharvest anthracnose, indicating that KP and Keitt 
cultivars were identified as the anthracnose resistant cultivars, while other Australian 
grown mangoes were found to be susceptible to postharvest anthracnose. Bally et al. 
(2013) reported cv. KP being moderately resistant to postharvest anthracnose, whereas 
cv. Calypso was found to be susceptible. In Thailand, varietal resistance to anthracnose in 
Thai mangoes was observed in the study carried out by Dinh et al. (2003) who found that 
that fruit susceptibility to anthracnose in Thai mangoes varied significantly among different 
cultivars. Mango cvs. Rad and Kaew were found to be resistant to postharvest 
anthracnose, whereas mango cvs. Nam Doc Mai, Chok Anan and Nang Klang Wan were 
identified as susceptible cultivars.  
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Resistance of leaves to anthracnose in the range of mango cultivars, however, has not 
been reported in the literature, presumably due to the challenge of reproducing 
anthracnose symptom on the leaves following inoculation with any fungal pathogens of C. 
gloeosporioides species complex. Besides this, current management of anthracnose within 
major production zones relies on fungicides, applied both in the field and after harvest. 
Therefore, increasing pressure to reduce the use of fungicides has resulted in greater 
efforts to breed crops which are more naturally resistant to anthracnose (Bally et al., 
2013). Development and optimisation of a reliable screening assay for leaf anthracnose 
would allow evaluation at an earlier phase in breeding programs as fruit are generally not 
produced until plants are 4 years old. However, this would only be effective if the leaf 
assay correlates with the fruit assay. Calonnec et al. (2013) demonstrated the reliability of 
using leaf bioassays in grapevine to predict the fruit resistance to downy and powdery 
mildew, whereas Ehlenfeldt et al. (2006) found a weak relationship between leaves and 
fruit susceptibility to anthracnose in blueberry cultivars. Another strong correlation in 
response to diseases between leaves and fruit has been reported in durian (Vawdrey et 
al., 2005) and in cocoa (Iwaro et al., 1997) in association with Phytophthora diseases.    
    
The main aim of this study was to develop and validate a reliable screening assay for 
anthracnose in mango leaves. For this purpose, the following objectives were undertaken: 
(i) development and optimisation of a screening assay for anthracnose symptoms on 
leaves;  (ii) elucidation of  the susceptibility of developmental leaf stages to anthracnose;  
(iii) assessment of the varietal resistance of Australian commercial mango cultivars to 
anthracnose in leaves; (iv) observation of conidial germination and appressorial formation 
of C. asianum on the leaves of different mango cultivars using the light microscopy.  
 
3.2. Materials and Methods 
3.2.1. Harvest of mango leaves  
Leaves at four standard developmental stages including flush red, early green, green and 
dark green mature were collected in Queensland regions from mango trees during the four 
years of study (2012-2016). Only mango leaves free of azoxystrobin fungicide (Amistar®). 
were utilised.   Amistar® is a common fungicide applied to control anthracnose in the field 
and it cannot be washed off with a dilute detergent solution if this fungicide penetrates leaf 
and peel tissues. Consequently, care was taken to select leaves from orchards where this 
chemical was not in use.  
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Three single tree replicates per mango cultivar were used. For each tree, five leaves at 
each leaf stage were collected. Leaves with long petioles and with no observable damage 
were harvested and then kept at 8 - 10°C while transported to the laboratory at 
Ecosciences Precinct (ESP), Department of Agriculture and Fisheries, Brisbane, 
Queensland. In April 2012, leaves were collected from five cultivars ‘Kensington Pride’ 
(KP), ‘Nam Doc Mai’, ‘Keitt’, ‘Calypso’, and ‘R2E2’ in a commercial orchard in Childers, 
Queensland (QLD) (latitude: 25° 14' S, longitude: 152° 16' E). In the 2013 season, leaves 
of four cultivars, ‘Keitt’, ‘R2E2’, ‘Nam Doc Mai’ (NDM) and ‘Keaw’, were collected from the 
Maroochy Research Station, Department of Agriculture and Fisheries, Nambour, QLD 
(latitude: 26° 37' S, longitude: 152° 57' E)  and five cultivars ‘KP’, ‘R2E2’, ‘Brooks’, ‘Kent’ 
and ‘Keitt’ were harvested from an orchard Gatton, QLD (latitude: 27° 25' S, longitude: 
152° 20' E) in October. In the 2015 and 2016 seasons, leaves of four cultivars ‘KP’, 
‘R2E2’, ‘Brooks’ and ‘Keitt’ were collected from the same orchard in Gatton, QLD in 
October, 2015 and March, 2016. For the seedlings of cvs KP and R2E2 grown in the 
glasshouse of Department of Agriculture and Fisheries, Brisbane, Queensland, leaves 
were harvested at 3, 6, 9, 15 and 21 months after planting from seeds during February, 
2012. 
 
3.2.2. Seedlings of ‘KP’ and ‘R2E2’ 
Seeds of the two polyembryonic cultivars ‘KP’ and ‘R2E2’ were planted in February, 2012. 
Details of the steps for planting these two cultivars from the seeds are presented in Figure 
3.1. 
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Figure 3.1. Seedlings of mango cv. KP grown in the glasshouse from the 
polyembryonic seeds; (A) Planting the seeds into the sterilised sandy soil; (B) 
Seeds started germinating; (C) Seedlings were transferred to the plastic tray 
containing the potting mix; (D) Seedlings grown in the glasshouse using the 
automatic irrigation system.  
 
 
 
 
 
 
 
 
(A) (B) 
(D) (C) 
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3.2.3. Fungal pathogens 
To develop and assess the detached and attached leaf screening assays for anthracnose 
symptoms caused by the fungal pathogens belonging to C. gloeosporioides species 
complex, two isolates including BRIP 28734 and BRIP 51787 were obtained from the 
culture collection at Queensland Department of Agriculture and Fisheries. The isolate 
BRIP 28734 was identified as C. asianum by Shivas et al.  (2016), and the isolate BRIP 
51787 was also identified as C. asianum by Jabeen (2016). C. asianum isolate BRIP 
28734 was then selected for all subsequent experiments due to its demonstrated 
pathogenicity and abundant sporulation compared with C. asianum isolate BRIP 51787 
(data not shown). 
  
Conidia were collected from a 14-day-old culture that had been maintained on half-
strength potato dextrose agar (PDA) at 25 °C under 12 hours/day of near-ultraviolet light.  
A conidial suspension was prepared in sterile deionised water by dislodging the conidia 
with sterile L-shape glass spreader. The conidial suspension was washed by subjecting it 
to three repeated steps of low speed centrifugation after which the spores were re-
suspended in sterile deionised water. Using a haemocytometer the final concentration of 
the spore suspension was adjusted to 1x106 conidia/mL.  
 
3.2.4. Leaf dry matter content 
Leaf dry matter content (LDMC) of leaf dry mass to fresh mass was determined following 
the protocol of Garnier et al.  (2001). Leaves harvested from the field were transferred to 
the laboratory, the petioles were removed and leaves were completely immersed in a 2 L 
container of deionised water. This container was then stored in the dark over night to allow 
the leaves to fully hydrate. Leaves were oven-dried at 55 °C for 48 hours to reach dry 
mass.  LDMC was presented as milligram dry weight per gram fresh weight. Three to five 
leaves per leaf stage for a cultivar were counted as a replicate and there were three 
replications per leaf stage. 
 
3.2.5. Leaf disc inoculation assays  
In order to assess the efficacy of developmental leaf stages on C. asianum sporulation and 
evaluate different assays using leaf discs, leaves of the five mango cultivars ‘KP’, ‘Keitt’, 
‘R2E2’, ‘Nam Doc Mai’ and ‘Calypso’ were screened in 2012 following the method 
described by Coates et al. (1998), with some modification. Harvested leaves were washed 
under tap water to remove any superficial fungicide residues, and then surface sterilised 
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with 70% (v/v) ethanol. After that, leaf discs (10mm in diameter) were cut by using a cork 
borer and nine leaf discs were then placed on moist filter paper in a 90mm Petri plate. The 
leaf discs were inoculated by using one of three treatments: (i) a droplet (25 μL) of C. 
asianum conidial suspension was applied to the centre of the leaf disc surface; (ii) a filter 
paper disc (5mm) saturated with C. asianum spore suspension was applied to leaf disc 
surface by using a needle; and (iii) a filter paper disc (5mm) saturated with C. asianum 
spore suspension applied to leaf disc on which the surface had been abraded. The Petri 
plates were closed and then placed in sealed plastic boxes with ample water within the 
box to product the relative humidity (RH~100%) for 48 hours. Petri plates were then 
transferred to the ripening room set at approximately 22°C with a 65% RH.  Seven days 
after inoculation, each leaf disc was transferred into a vial containing 1 mL sterile 
deionised water. These vials were shaken with an orbital shaker at 350 rpm for 45 minutes 
at room temperature. The average number of conidia on each leaf disc was determined by 
three replicated haemocytometer counts. There were five leaf discs per leaf stage with 
three replications in each inoculation assay.    
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Figure 3.2. Leaves of mango cv. R2E2 at different developmental leaf stages (A) 
which were then subjected to different inoculation methods with Colletotrichum 
asianum isolate BRIP 28734 (B,C,D); (B) Droplet (top) and filter paper disc (bottom) 
methods on flush red and green leaves; (C) Petri plates containing inoculated leaf 
discs were left in the incubator box lined with moisten blotting papers; (D) 
Subsequent spore sporulation on the flush red leaf discs at 7 days after incubation.  
 
 
 
 
 
(A) (B) 
(D) (C) 
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3.2.6. Detached leaf inoculation assays 
A series of different inoculation assays for whole detached leaves was undertaken in 2012 
and 2013 to screen for a reliable assay for anthracnose symptoms induced by C. asianum 
infection. A leaf screening assay using the droplet method was then applied to compare 
the anthracnose susceptibility on leaves collected in 2013, 2015 and 2016.  Prior to 
inoculation, each leaf was surfaced sterilised with 70% (v/v) ethanol. Three circles of 
approx. 20 mm in diameter were drawn (vertical to the plane) on one half of the upper leaf 
surface using a permanent marker pen, while the other half was used for control. Leaves 
were placed inside plastic boxes lined with moistened blotting paper. The petiole of each 
leaf was wrapped with cotton wool moistened with deionised water. Inoculum was placed 
in the centre of each circle or whole leaves were sprayed following the three inoculation 
methods which consist of: (i) a droplet (25 μL) of inoculum or (ii) a filter paper disc 
saturated with C. asianum conidial suspension placed in the middle of each circle on the 
leaf surface. Water droplet and disc controls were applied to other half-side of the same 
leaf; (iii) a spray inoculation. An artist’s air brush tool was used for spraying the inoculum 
onto the surface of each leaf. Deionised water was added to the plastic incubator boxes to 
allow the boxes to reach almost 100% RH. The lids were fitted and sealed around the 
edges with tape, and boxes were incubated at 25°C. 
 
Two different assays were performed using the leaves at developmental leaf stages to 
compare the effect of maintaining high humidity on the reproduction of anthracnose 
symptoms following inoculation with C. asianum. For each leaf screening assay, five 
leaves of each developmental leaf stage were selected for each mango cultivar. In the first 
assay, the incubator boxes were kept at RH~100% in the first 48 hours only, and the lids 
were still unsealed during the last 5 days of incubation. Incubator boxes in the second 
assay were maintained with the high humidity during the whole 7 days after incubation. 
Lesion diameter was measured at 7 days after incubation. For each leaf, there two 
measurements, perpendicular to each other, were recorded for the width of the 
anthracnose lesion.  A mean width was then calculated form from the three lesions per 
leaf. There were five leaves used for each replicate, and three replicates were applied for 
each inoculation method.  
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Figure 3.3. Detach leaves of mango cv. KP and R2E2 inoculated with Colletotrichum 
asianum isolate BRIP 28734 by droplet and filter paper disc inoculation methods; 
(A) Droplet method; (B) Filter paper disc method; (C) No spot symptom observed on 
a green leaf at 7 days after incubation; (D) Spot symptom observed on a flush red 
leaf at 7 days after incubation. 
 
 
 
 
(A) (B) 
(C) (D) 
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3.2.7. Attached leaf inoculation assays for the seedlings of mango cvs. KP and R2E2 
Attached leaf assays following the two different inoculation methods, spray and filter paper 
disc, were performed on 10-week-old seedlings of ‘KP’ and ‘R2E2’ grown in a controlled 
temperature glasshouse (23-24 °C day time, 16-18 °C night time) in April, 2012. Three 
single seedling replicates were performed, and there were at least three flush red and 
mature leaves used for each replicate.  Figure 3.4 represents the steps taken for the filter 
paper disc method using the tape to stick the filter paper discs to the leaf surface; the 
steps taken for the spray inoculation method using the airbrush kit spray gun are shown in 
Figure 3.5. 
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Figure 3.4. Filter paper disc inoculation method applied to the attached leaves in the 
seedlings of cv. KP. (A) Three filter paper discs applied to unwounded leaf surface 
of each inoculated leaf, where clear sticky tapes were used to hold the discs on the 
leaf surface the (B) a plastic bag previously sprayed with water was used to cover 
the seedlings, which was then sealed close to the stem to maintain humidity. (C) 
The leaves which were sprayed with the spore suspension using the airbrush kit 
spray gun (D) were then covered with a plastic bag previously sprayed with water 
was used to cover the seedlings before. Finally, (E) a white paper bag was utilised 
to cover the plastic bag in both inoculation treatments to prevent overheating due to 
the sun during period of incubation. At 48 hours after incubation, the two bags and 
the filter paper discs were gently removed from the seedlings, and the inoculated 
leaves were observed daily until 14 days after incubation. 
 
(B) 
(C) 
(A) 
(D) 
(E) 
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3.2.8. Varietal resistance to anthracnose in leaves of Australian mangoes 
To evaluate the susceptibility of different mango cultivars to anthracnose in the leaves, a 
series of detached leaf screening assays were performed at the four developmental leaf 
stages in the 2013, 2015 and 2016 mango seasons. The details of detached leaves 
harvested from the fields and the glasshouse were previously described in 3.2.1 section.  
 
3.2.9. Natural disease severity on mango leaves induced by Colletotrichum species 
To assess the severity of anthracnose arising from natural field infections, detached leaves 
of each developmental stage were observed. Harvested leaves were kept in containers 
moistened with deionised water, and then daily observed and any records of disease 
development were made by visual estimation at 7, 14 and 21 days after incubation. 
Disease severity arising from natural infection was quantified as the percentage of leaf 
surface area infected by C. asianum. There were three replicates of five leaves per 
replicate for each leaf stage of each cultivar.  
 
3.2.10. Conidial germination and appressorial formation of C. asianum on leaves  
To further assess the differences in the early stage of C. asianum infection on fruit and 
leaves in mango, leaf and fruit assays were used to observe the germination of conidia 
and the formation of appressoria on the leaf and fruit surface. The droplet inoculation 
method was previously described. Leaves and fruit were removed from the incubator 
boxes after 6, 12, 24 and 48 h incubation, and a clear nail varnish solution applied to the 
inoculated points on leaves and fruit. This was then allowed to dry under room 
temperature for at least 3 hours before three clear-film strips from each leaf were gently 
removed, transferred to a microscope slide, mounted with a droplet of cotton-blue and 
covered by the microscope cover slip.  Observations were then made to count spore 
germination and formation of appressoria of at least 50 conidia for each field observation 
under light microscopy. A spore was considered to be germinated when the germ tube 
was at least one-half of the length of the spore. There were three leaves used for each leaf 
stage of each mango cultivar, and three replications were applied.  
 
 
3.2.11. Statistical analyses 
GraphPad Prism 6® (Graph pad Software, La Jolla, CA, USA) was used to perform 
statistical analysis. All experiments were conducted in a completely randomised design 
with three replicates. One-way analysis of variance (ANOVA) was applied to anthracnose 
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development experiments for each leaf stage and fruit harvest in different cultivars and for 
the experiment of conidial germination and appressorial formation. Two-way analysis of 
variance was used for leaf dry matter content and anthracnose development following 
inoculation with C. asianum, with two factor experiments consisting of cultivars and four 
leaf stages. Least significant difference (LSD) at the 5% level was applied to compare the 
means by Tukey’s multiple comparisons test. The relationship between lesion diameter 
and natural disease infection with leaf dry matter content was analysed by regression 
analysis. 
 
3.3. Results 
3.3.1. Leaf disc assays and conidial sporulation of Colletotrichum asianum  
Harvested leaves from the five selected mango cultivars, including ‘KP’, ‘Keitt’, ‘R2E2’, 
‘NDM’ and ‘Calypso’, grown in Childers, Queensland were quantified for their dry matter 
content to determine the maturity of the leaves collected at each developmental leaf stage 
of different cultivars (Figure 3.5A). There were no significant differences in the dry matter 
content per fresh weight in the leaf maturity among the cultivars at the flush red, early 
green and green leaves, however a significant variation (P<0.01) in LDMC was found in 
the dark green leaves between the tested mango cultivars (Figure 3.5A), whereas those of 
‘Keitt’ were significantly greater than others. In the spore droplet inoculation method for the 
green and dark green leaves, no spores were produced at 7 days after inoculation in any 
of the five mango cultivars (Figure 3.5B). Following inoculation of the flush red leaf stage, 
however, spores were produced in four of the cultivars with ‘Keitt’ showing significantly 
more spores than ‘KP’ and ‘Calypso’ which in turn were greater than for ‘NDM’, whereas 
no spores formed on ‘R2E2’. 
 
Similar trends were seen with the paper disc inoculation method onto unwounded leaves 
where at all leaf stages no spores formed on ‘R2E2’.  For the other cultivars, spores did 
form following inoculation of the younger leaf stages again with ‘Keitt’ showing the most 
and NDM the least of these four cultivars (Figure 3.5C). Interestingly when wounding was 
included in the inoculation method, a slightly different trend was observed. Consistent with 
the other inoculation methods, when the younger leaf stages were inoculated, more spores 
developed, however wounding lead to spore production on ‘R2E2’ unlike the other two 
inoculation methods.  Also, the order of cultivar propensity to produce spores as well as 
the amount of sporulation changed with this inoculation technique. The leaf discs of ‘NDM’ 
showed the greatest amount of sporulation at the flush red stage (Figure 3.5D).  
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2012 – Childers, Queensland 
  
Figure 3.5. Leaf dry matter content (A) and spore production (B,C,D) of 
Colletotrichum asianum isolate BRIP 28734 by different inoculation methods at 7 
days after inoculation on mango leaves in the four stages including flush red, early 
green, green and dark green in different commercial mango cultivars grown in 
Childers, Queensland in 2012. Values are expressed as means of three replicates. 
Within each graph, bars surmounted by the same letter do not differ at P≤0.05 
following Tukey’s multiple comparisons test.  
 
    Droplet inoculation to unwounded leaf 
surface 
   Filter paper disc applied to unwounded leaf 
surface 
Filter paper disc applied to wounded leaf surface 
(A) (B) 
(C) (D) 
Cultivar Cultivar 
Cultivar Cultivar 
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3.3.2. Detached leaf inoculation assays for reproducing anthracnose  
A series of different trial inoculation methods for reproducing the typical anthracnose 
symptoms in mango leaves were performed to establish the reliable screening assay for 
inducing anthracnose symptoms on mango leaves after C. asianum infection (Table 3.1). 
In the first assay when the inoculated leaves were incubated at the very high humidity for 
the first 48 hours, the small spot was observed only in the flush red and early green leaves 
of all mango cultivars selected. In the second assay when the inoculated leaves were 
maintained at high humidity for the whole 7 days of incubation, the typical anthracnose 
symptom appeared on the flush red and early green leaves (Table 3.1). No symptoms 
were found on the inoculated leaves at the green and dark green leaf stages in the both 
assays (Table 3.1).  
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Table 3.1. Assessment of symptoms reproduced by Colletotrichum asianum following different inoculation methods on the 
detached leaves of commercial mango cultivars at developmental leaf stages in the two separate assays with varying humidity 
conditions 
Growing 
region 
Cultivar Leaf stage Assay (1) Assay (2) 
Droplet  Spraying Filter paper 
disc 
Droplet  Spraying Filter paper disc 
Childers, 
QLD (2012) 
Kensington Pride 
Keitt 
R2E2 
Nam Doc Mai 
Calypso 
Flush red - - - NA NA NA 
Early green - - - NA NA NA 
Green - - - NA NA NA 
Dark green - - - NA NA NA 
Gatton, 
QLD (2013) 
Kensington Pride Flush red - - - Anthracnose Anthracnose Anthracnose 
R2E2 Early green - - - Anthracnose Anthracnose Anthracnose 
Brooks Green - - - - - - 
 Dark green - - - - - - 
Keitt Flush red ND ND ND ND ND ND 
Kent Early green ND ND ND ND ND ND 
 Green - - - - - - 
 Dark green - - - - - - 
Nambour, 
QLD (2013) 
Keitt Flush red - - - Anthracnose Anthracnose Anthracnose 
R2E2 Early green - - - Anthracnose Anthracnose Anthracnose 
Keaw Green - - - - - - 
 Dark green - - - - - - 
Nam Doc Mai Flush red ND ND ND ND ND ND 
 Early green ND ND ND ND ND ND 
 Green - - - - - - 
 Dark green - - - - - - 
Seedlings, 
Dutton Park, 
QLD (2013) 
Kensington Pride Flush red - - - Anthracnose Anthracnose Anthracnose 
R2E2 Early green - - - Anthracnose Anthracnose Anthracnose 
 Green - - - - - - 
 Dark green - - - - - - 
(1) Inoculated leaves were kept in incubator boxes previously lined with moisten blotting papers to maintain the high humidity at 25°C 
for first 48 hours prior to leave the ripening room (RH = 67.5%). This assay was applied to isolate BRIP 28734 and BRIP 51787 at 
different concentrations, ranging from 1x105 to 1x107 conidia/mL;  
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(2) Inoculated leaves were kept in incubator boxes previously lined with moisten blotting papers to maintain the high humidity at 25°C 
during the whole 7 days of incubation.  
 
(3) This assay was only applied to isolate BRIP 28734 at the concentration of 1x106 conidia/mL; All experiments were performed in 
three replicates with five leaves per each replicate; - (Spot); ND (Not determined); NA (Not applied)   
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3.3.3. Attached leaf inoculation assays for seedlings of cvs. KP and R2E2 
Attached leaves of the two polyembryonic seedlings of cultivars ‘KP’ and ‘R2E2’ started 
developing a large number of spots on the leaf surface and midrib of the young leaves at 7 
days after inoculation (Figure 3.6A,C), however the dark green leaves did not show any 
spot symptoms on the surface (Figure 3.6B) nor on the midrib (Figure 3.6D). 
 
 
 
Figure 3.6. Leaves of the seedlings of ‘KP’ at 7 days after inoculation with 
Colletotrichum asianum isoate BRIP 28734 using the spraying method with a spore 
suspension  Image A shows spot symptoms which appeared on the leaf surface of 
an early green leaf. Image B shows the lack of  symptoms typical for the  dark green 
leafves.  Image C shows  spots that occurred on the leaf midrib and image D lack of  
symptoms on the leaf midrib of an inoculated dark green leaf. 
 
 
 
 
(A) (B) 
(C) (D) 
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3.3.4. Varietal resistance to anthracnose in leaves of Australian mangoes 
A series of the droplet inoculation assays with C. asianum isolate BRIP 28734 were 
performed in the 2013, 2015 and 2016 mango seasons to assess the susceptibility of 
leaves to anthracnose in the commercial mango cultivars grown in Australia, especially 
‘KP’, ‘Keitt’ and ‘R2E2’ (Figure 3.7, 3.8, 3.9). Overall, the flush red leaves consistently had 
the largest anthracnose lesion diameters induced by C. asianum isolate BRIP 28734, 
whereas no anthracnose symptoms were produced on the green and dark green leaves in 
all tested cultivars across the three mango seasons. The maturity of all tested leaves was 
determined using LDMC, and the data for LDMC are presented in Figures 3.7 to 3.12.  
 
In the 2013 season, early green leaves of ‘KP’ harvested from Gatton, QLD possessed the 
smallest anthracnose lesion diameter (7.3 mm) compared with those measured from early 
green leaves of ‘R2E2’ and ‘Brooks’ (20.9 and 18.6 mm, respectively) at the same LDMC 
(Figure 3.7). For early green leaves harvested from Nambour, QLD, ‘Keitt” had the 
smallest anthracnose lesion diameter (10.2 mm) of those assessed with larger lesion 
diameters induced on early green leaves of ‘R2E2’ and ‘Keaw’ (24.5 and 26.3 mm, 
respectively) (Figure 3.8B). The LDMC, however, was found to be significantly higher 
(P<0.01) in early green leaves of ‘Keitt’ than those quantified from the other two cultivars 
(Figure 3.8A). The two separate detached leaf screening assays performed on the leaves 
collected from the seedlings of ‘KP’ and ‘R2R2’ indicated no differences (P>0.05) in LDMC 
and anthracnose lesion development induced by C. asianum isolate BRIP 28734 at the 
same physiological maturity stages (Figure 3.9). In addition to these findings, a significant 
correlation (R2=0.74, P<0.001) between leaf dry matter content and anthracnose lesion 
diameter is presented in Figure 3.10A, and for natural disease severity (R2=0.87, P<0.001) 
in Figure 3.10B. 
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2013 – Gatton, Queensland 
 
Figure 3.7. Leaf dry matter content (A) and anthracnose lesion diameter (B) 
measured from the leaves at the four stages including flush red, early green, green 
and dark green inoculated with Colletotrichum asianum isolate BRIP 28734 by 
droplet inoculation method at 7 days after inoculation in different mango cultivars 
grown in Gatton, QLD in 2013. Values are expressed as means of three replicates. 
Bars surmounted by the same letter do not differ at P≤0.05 following Tukey’s 
multiple comparisons test.; ND (Not determined) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cultivar Cultivar 
(A) (B) 
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2013 – Nambour, Queensland 
 
 Figure 3.8. Leaf dry matter content (A) and anthracnose lesion diameter (B) 
measured from mango leaves T the four stages including flush red, early green, 
green and dark green inoculated with Colletotrichum asianum isolate BRIP 28734 by 
droplet inoculation method at 7 days after inoculation in different mango cultivars 
grown in Nambour, QLD in 2013. Values are expressed as means of three replicates. 
Bars surmounted by the same letter do not differ at P≤0.05 following Tukey’s 
multiple comparisons test.; ND (Not determined) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) (B) 
Cultivar Cultivar 
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2013 – Glasshouse harvest 1 (15 months old mango seedlings) (Dutton Park, QLD) 
 
2013 – Glasshouse harvest 2 (21 months old mango seedlings) (Dutton Park, QLD) 
 
Figure 3.9. Leaf dry matter content (A,C) and anthracnose lesion diameter (B,D) 
measured from mango leaves AT the four stages including flush red, early green, 
green and dark green inoculated with Colletotrichum asianum isolate BRIP 28734 by 
droplet inoculation method at 7 days after inoculation of mango cvs. KP and R2E2 
seedlings grown in the glasshouse at Dutton Park, Queensland in 2013. Values are 
expressed as means of three replicates. Bars surmounted by the same letter do not 
differ at P≤0.05 following Tukey’s multiple comparisons test. 
(A) 
(B) 
(C) 
(D) 
Cultivar Cultivar 
Cultivar Cultivar 
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Figure 3.10. Relationship between leaf dry matter content and anthracnose lesion 
diameter following droplet inoculation with (A) Colletotrichum asianum isolate BRIP 
28734 and (B) disease severity arising from natural infection by Colletotrichum 
gloeosporioides species complex in the 2013 season. 
 
Assessment of leaves harvested from Gatton, QLD in October, 2015 and March, 2016 
showed that for the early green leaf stage, the smallest anthracnose lesion diameters were 
found of ‘KP’ and ‘Keitt’ (9.8 to 10.2 mm) as was consistent with the findings from the 
(A) 
(B) 
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experiments conducted in the 2013 season.  ‘R2E2’ and ‘Brooks’ developed significantly 
larger lesions on the leaf surface following inoculation of  early green leaves (19.4 to 22.1 
mm) although at the same LDMC (Figure 3.11, 3.12 and 3.13) as KP and Keitt..  
 
2015 – Gatton, Queensland 
 
Figure 3.11. Leaf dry matter content (A) and anthracnose lesion diameter (B) 
measured from mango leaves at the four stages including flush red, early green, 
green and dark green inoculated with Colletotrichum asianum isolate BRIP 28734 by 
droplet method at 7 days after inoculation in different mango cultivars grown in 
Gatton, Queensland in 2015. Values are expressed as means of three replicates. 
Bars surmounted by the same letter do not differ at P≤0.05 following Tukey’s 
multiple comparisons test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) (B) 
Cultivar Cultivar 
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2016 – Field harvest (Gatton, QLD) 
 
 
Figure 3.12. Leaf dry matter content (A) and anthracnose lesion diameter (B) 
measured from mango leaves at the four stages including flush red, early green, 
green and dark green inoculated with Colletotrichum asianum isolate BRIP 28734 by 
droplet method at 7 days after inoculation (RH~100%) in different mango cultivars 
grown in Gatton, Queensland in 2016. Values are expressed as means of three 
replicates. Bars surmounted by the same letter do not differ at P≤0.05 following 
Tukey’s multiple comparisons test. 
 
 
Figure 3.13. Anthracnose and pepper spot symptoms in different developmental leaf 
stages. (A) mango cv. KP leaves and (B) mango cv. Brooks leaves at 7 days after 
inoculation with Colletotrichum asianum isolate BRIP 28734; the four different 
developmental stages: flush red, early green, green and dark green leaves are 
shown in order from left to right. 
 
 
 
 
(A) (B) 
Cultivar Cultivar 
(A) (B) 
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3.3.5. Conidial germination and appressorial formation of C. asianum on mango 
leaves 
 
A series of C. asianum droplet inoculation were undertaken in October, 2015 and March, 
2016 to assess the germination of conida and formation of appressoria of C. asianum 
isolate BRIP 28734 on early green leaves of cvs. KP, Keitt and R2E2. No significant 
differences (P>0.05) in the germination of conidia and formation of appressoria were 
observed in early green leaves among the three mango cultivars up to 48 hours after 
inoculation (hai) (Table 3.2 and 3.3).  
 
Table 3.2. Percentage of conidial germination of Colletotrichum asianum inoculated 
onto the early green leaf stage of cvs. KP, R2E2 and Keitt.  All leaves were at the 
same maturity stage. 
Cultivar 
Hours after inoculation 
6h 12h 24h 48h 
KP 0 a 55.8 a 81.8 a 100 a 
Keitt 0 a 55.7 a 82.5 a 100 a 
R2E2 0 a 57.3 a 81.6 a 100 a 
Values are expressed as means of three replicates. Means followed by the same letter 
within columns do not differ at P≤0.05 following Tukey’s multiple comparisons test. 
 
Table 3.3. Percentage of appressorial formation of Colletotrichum asianum following 
inoculation at the early green leaf stage of cvs. KP, R2E2 and Keitt at the same 
maturity stage 
Cultivar 
Hours after inoculation 
6h 12h 24h 48h 
KP 0 a 36.6 a 58.7 a  81.7 a 
Keitt 0 a 37.8 a 57.7 a 82.4 a 
R2E2 0 a 36.3 a 58.1 a 81.6 a 
Values are expressed as means of three replicates. Means followed by the same letter 
within columns do not differ at P≤0.05 following Tukey’s multiple comparisons test. 
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Table 3.4 and 3.5 present the percentage of conidial germination and appressorial 
formation of C. asianum isolate BRIP 28734 following inoculation of flush red, early green 
and green leaves of cv. KP. A significant decline (P<0.01) in the percentage of germinated 
conidia was observed as the leaf progressed developmentally for cv. KP (Table 3.4). 
However, no appressoria were formed on green leaves of ‘KP’ in the first 48 hai which was 
similar to the findings of leaf disc assays and varietal resistance to anthracnose, although 
the percentage of germinated conidia reached 57.7% at 48 hai. The appressoria were 
completely formed on the flush red leaf at 48 hai (Table 3.5).  
 
Table 3.4. Percentage of conidial germination of Colletotrichum asianum at different 
developmental leaf stages for cv. KP 
Leaf 
stage 
Hours after inoculation 
6h 12h 24h 48h 
Flush 
red 
0 a 71.1 c 100 c 100 b 
Early 
green 
0 a 56.7 b 81.3 b 100 b 
Green 0 a 31.7 a 51.1 a 57.7 a 
Values are expressed as means of three replicates. Means followed by the same letter 
within columns do not differ at P≤0.05 following Tukey’s multiple comparisons test. 
 
 
Table 3.5. Percentage of appressorial formation of Colletotrichum asianum in 
different developmental leaf stages of cv. KP 
Leaf 
stage 
Hours after inoculation 
6h 12h 24h 48h 
Flush 
red 
0 a 62.3 c 84.7 c 100 c 
Early 
green 
0 a 35.7 b 58.3 b 81.3 b 
Green 0 a 0 a 0 a 0 a 
Values are expressed as means of three replicates. Means followed by the same letter 
within columns do not differ at P≤0.05 following Tukey’s multiple comparisons test.
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3.4. Discussion 
This study is believed to be the first to assess anthracnose disease in different 
developmental leaf stages over a range of mango cultivars and to successfully develop a 
reliable detached leaf screening assay for reproducing the typical anthracnose symptoms. 
Anthracnose symptoms caused by a fungal pathogen of Colletotrichum gloeosporioides 
species complex (C. asianum) were consistently produced on mango leaves at the flush 
red and early green stages. However, these typical anthracnose symptoms were only 
induced by C. asianum when the inoculated leaves were incubated at high humidity for the 
whole period of incubation in comparison to those leaves that were maintained at high 
humidity only for the first 48 hours after incubation. Green and dark green leaves were 
found to be highly resistant to anthracnose as no symptoms were observed at 7 days after 
inoculation with C. asianum regardless of cultivar. In general, in the range of plants, older 
leaves being highly resistant to the infection of plant pathogens might be due the 
difference in the leaf cuticle (Serrano et al., 2014) or leaf wetness duration (Rowlandson et 
al., 2015). However, the resistance of older leaves to anthracnose has not been 
elucidated. Matured leaves also contain the high level of polyphenols, and this could be a 
factor resulting in resistance to anthracnose in the field. Another factor being concerned is 
the significant difference in the leaf thickness between older leaves and the young leaves. 
The largest anthracnose lesions were produced by C. asianum following inoculation of 
flush red leaves of all tested mango cultivars. This important finding was in agreement with 
Fitzell and Peak (1984) in which they demonstrated that the major source of inoculum of 
Colletotrichum gloeosporioides var. minor was from infected flush red leaves, with the 
majority of conidia trapped in spore trapping experiments from lesions from young leaves 
of mango. The current experiments demonstrated that the leaves of ‘KP’ and ‘Keitt’ were 
resistant, whereas ‘R2E2’ and ‘Brooks’ were susceptible to anthracnose; this was shown in 
the detached leaf inoculation assays with C. asianum.  
 
Results from leaf disc assays also showed significant differences among cultivars in each 
leaf stage.  Spore production on inoculated discs taken at different developmental leaf 
stages of different commercial mango cultivars were assessed.  The typical anthracnose 
symptoms were not produced on the leaf discs regardless on the inoculation method.  
However, the resultant sporulation did differ between cultivars at the same leaf maturity 
stage. Mango cv. R2E2 harvested from Childers in 2012 was found to be consistently 
resistant in this assay with few spores produced 7 days after inoculation regardless of 
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whether the leaf discs were inoculated directly with spores or a filter disc.  When wounding 
was applied, some spore production resulted albeit at a low level. When wounding was 
applied, some spore production resulted albeit at a low level. Wounding is known to 
predispose plants to the infection of Colletotrichum species on stalk rot of wounded maize 
parts (Muimba-Kankolongo and Bergstrom, 1992; Venard and Vaillancourt, 2007), 
anthracnose on the leaves of Protea cultivars (Lubbe et al., 2006) and black lesions on 
leaves of potato (Johnson, 1993) and anthracnose on mango fruit (Dinh et al., 2003). 
Muimba-Kankolongo and Bergstrom (1992) stated that the leaf tisse being less 
sclerophyllous resulted in the higher percentage of spore germination. Findings from this 
study were in agreement that conidial sporulation from wounded leaves was found to be 
significantly higher compared to unwounded leaves when inoculated with C. asianum. 
Conidial sporulation was greatest when discs of flush red leaves were used, whereas the 
lowest number of conidia was observed when discs of dark green leaves were inoculated 
again for all tested cultivars. These results contrast with a previous study by Coates et al., 
(1998) which showed a negative correlation between the leaf stage and conidial 
sporulation in the leaf disc assay experiments for the seedlings of cv. KP that had been 
grown in glasshouse conditions. That study showed the high number of C. gloeosporioides 
produced in older leaves of cv. KP compared with younger leaves. The different results 
from these two studies might be due to the effect of systemic fungicides as all the leaves 
were harvested in the present study without the fungicide. However, this method might not 
be an accurate indicator for identifying the susceptibility of mango leaves in developmental 
stages due to lack of re-producing the anthracnose symptoms.  
 
In the present study, the experiments were conducted on leaves of the two polyphenolic 
mango cultivars ‘KP’ and ‘R2E2’ using glasshouse-grown seedlings. No significant 
differences were found in anthracnose lesion diameters of flush red and early green leaves 
between these two cultivars; this may have reflected insignificant differences in the 
maturity of seedlings. A recent study performed by de Souza et al. (2013) studied the 
pathogenicity of C. gloeosporioides on 15-day-old detached leaves of greenhouse-grown 
mango seedlings cultivars ‘Tommy Atkin’ and ‘Palmer’. Anthracnose symptom was 
successful produced on the mango leaves at this stage, and these two cultivars were 
reported to be susceptible to anthracnose. ‘Tommy Atkin’ is known to be a relatively 
resistant cultivar to anthracnose (Lima et al., 2015; Nelson, 2008), however both cvs. 
Tommy Atkin and Palmer are known to be the monoembryonic cultivars, thus planting from 
the seed might not be suitable for the detached leaf experiments, as this is not necessarily 
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genetically the same cultivar. Studying varietal resistance to anthracnose in the seedlings 
of these two cultivars, however, did not indicate the significant differences in leaf 
susceptibility between the two cultivars in the true mango types.  
 
Observation under light microscopy of the C. asianum infection on mango leaves in the 
current study indicated that conidial germination and appressorial formation were found to 
be significantly different among flush red, early green and dark green leaf stages. 
However, no significant differences were observed in early green leaves of cvs KP, Keitt 
and R2E2. Studies of the early infection process of C. gloeosporioides species complex on 
the leaves of mango have been conducted to elucidate the effects of humidity and 
temperature on conidial germination and appressorial formation of C. gloeosporioides in 
Australia (Fitzell & Peak, 1984; Fitzell et al., 1984) and in the Philippines (Dodd et al., 
1991; Estrada et al., 2000). There was an agreement amongst these studies in the 
humidity and temperature requirements. Conidia were observed to germinate and form 
appressoria at RH > 95% and the temperature between 25°C and 30°C. Estrada et al. 
(2000) indicated that no conidial germination was found on the mango leaves at 90% RH, 
whereas the percentage germination of conidia were observed to be the highest at 
RH~100%.  
 
In conclusion, the detached leaf assay reported here provides a reliable method for 
screening mango cultivars for susceptibility of anthracnose in the leaves at early green leaf 
stage. The current study found that inoculated leaves in flush red and early green leaves, 
which were incubated at 100% RH with free wet available for the first 48 hours only did not 
re-produce the typical anthracnose symptoms. In addition, green and dark green leaves 
were highly resistant to anthracnose, which might be due to higher content of pre-formed 
antifungal agents that have not been elucidated. In order to establish the correlation 
between leaf and fruit resistance to anthracnose, further screening assays should be 
conducted at a young leaf stage for the germplasm collection or breeding lines. In such 
assays, leaf dry matter content needs to be considered including leaf maturity before 
performing any experiments. In order to assist the mango breeders to identify the 
anthracnose resistant cultivars, resistance of fruit to anthracnose should be performed to 
determine whether the results from fruit assays of anthracnose reflect leaf assays and 
whether there is correlation between the anthracnose resistance in mango fruit with that of 
the leaves.   
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Chapter 4: Varietal resistance of fruit to postharvest anthracnose in Australian 
commercial mango cultivars 
 
 
Abstract 
The susceptibility of fruit to postharvest anthracnose in Australian mangoes was studied in 
the 2013, 2014 and 2016 mango seasons following inoculation with Colletotrichum 
asianum (C. asianum) and also of disease severity arisen from natural infections caused 
by Colletotrichum species. In the 2013 mango season, fruit of the cultivars ‘Kensington 
Pride’, ‘Keitt’, ‘Kent’ and ‘Brooks’ were harvested once they reached the commercial 
harvest stage, and significant differences in the fruit maturity were found among all tested 
mango cultivars at harvest. In order to achieve the consistency in fruit maturity at harvest 
to assess the varietal resistance to postharvest anthracnose, fruit of ‘KP’ and ‘Keitt’ were 
harvested at different times, from the early harvest to late harvest, in the 2014 and 2016 
mango seasons. Regardless of harvest, ‘Keitt’ was found to be highly resistant to 
anthracnose, whereas fruit maturity had the significant effects on the anthracnose 
development on the fruit of ‘KP’. The later harvest of ‘KP’ fruit resulted in the significant 
larger anthracnose lesions at the ripe stage induced by C. asianum. All other tested 
cultivars ‘Brooks’, ‘Kent’ and ‘Calypso’ were identified as the susceptible cultivars. In 
addition, no differences were found in the conidial germination and appressorial formation 
of C. asianum on the fruit of ‘KP’ and ‘Keitt’, suggesting that the resistance of ‘Keitt’ fruit to 
anthracnose might be due to the presence of high levels of constitutive compounds in its 
peel during the ripening stages.  
 
Key words:  Colletotrichum asianum, fruit maturity, fruit assays, natural infection, infection 
process. 
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4.1. Introduction 
The cultivar ‘Kensington Pride’ dominates commercial mango production in Australia, 
making up to approximately 80% of the total production, while other cultivars grown in 
Australia are ‘Calypso’, ‘Honey Gold’, ‘Keitt’, and ‘R2E2’ (Dillon et al., 2013) as well as a 
small number of different mango cultivars. In Australia, mangoes are mainly grown in 
Queensland, Northern Territory and Western Australia with northern Queensland being the 
largest producing region (Bally et al., 1999; Crane et al., 1997; Sakalidis et al., 2011).  The 
annual harvest commences in the Northern Territory extending to the Kimberley regions in 
WA in early September, followed by the Queensland Dry Tropics in mid-November, 
Mareeba in North QLD in early December, and Central Queensland in late December. The 
latest harvest of mango fruit is in early March from South East Queensland and Northern 
New South Wales. 
 
Postharvest anthracnose caused by the fungal pathogens belonging to the C. 
gloeosporidoies species complex are known to be one of the most important and 
widespread diseases in the fruit of mango worldwide (Freeman et al., 1998; Ploetz, 2009; 
Ploetz et al., 2003). C. gloeopsorioides was reported to be the main causal agent of 
anthracnose in mango fruit by Jeffries et al., (1990) and  Prusky and Keen  (1993). 
Phoulivong et al. (2010), however, demonstrated that C. gloeosporioides sensu stricto was 
not a common fungal pathogen causing the diseases on tropical fruits, and it was not the 
causal agent affecting the disease on mango fruit in Laos and Thailand. Lima et al. (2013) 
described five Colletotrichum species, these being C. asianum, C. fruticola, C. tropicale, C. 
karstii and C. dianesei, associated with fruit anthracnose in Brazilian mango. Similar to the 
findings reported in these studies, Shivas et al. (2016) reported the Colletotrichum species 
presented in Australia based on the analysis of DNA sequencing. Their studies indicated 
that C. asianum, a fungal pathogen belonging to the C. gloeosporidoies species complex, 
was only isolated from mango and it is the causal agent causing the postharvest 
anthracnose in fruit of mangoes grown in Australia.  
 
The susceptibility of fruit to postharvest anthracnose in different mango cultivars was 
previously reported in Thailand (Dinh et al., 2003), Brazil (Lima et al., 2015) and Australia 
(Hassan et al., 2007).  A few mango cultivars were identified to be relatively resistant to 
anthracnose in these studies, including ‘KP’ and ‘Keitt’ grown in Australia, ‘Tommy Atkins’ 
grown in Brazil and ‘Rad’ and ‘Kaew’ in Thailand. However, very little information is known 
about the effect of fruit maturity on anthracnose development induced by C. asianum and 
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other Colletotrichum species. Hassan et al. (2007) indicated that anthracnose lesions 
development on the fruit of ‘KP’ were correlated with the significant increase in the fruit dry 
matter content at harvest, although ‘KP’ was identified as a resistant cultivar in their 
studies. The lesion area of anthracnose induced by C. gloeosporioides at the ripe stage in 
‘KP’ fruit at 14.8% fruit dry matter content (FDMC) in then in the 2004-2005 mango season 
was significantly lower than that observed on the KP fruit at 17.8% FDMC in the 2006-
2007 mango season. It is hypothesised here that fruit maturity affects the anthracnose 
development induced by a pathogen of Colletotrichum species. Multiple harvests should 
therefore be performed to achieve the consistency in fruit maturity among cultivars to 
assess the varietal resistance in mango fruit to postharvest anthracnose.     
   
The overall aim of this study was to assess the susceptibility of Australian commercial 
mango cultivars to postharvest anthracnose in the 2013, 2014 and 2016 mango seasons. 
For this purpose, the following studies were conducted to: (i) elucidate the effect of fruit 
maturity on the varietal resistance of Australian grown mangoes to anthracnose following 
inoculation with C. asianum; (ii) assess the disease severity in mango fruit at the ripe stage 
following natural infection; (iii) observe the germination of conidia and formation of 
appressoria of C. asianum in the fruit of cvs. Keitt and KP using the light microscopy.   
 
4.2. Materials and methods 
4.2.1. Fruit harvest 
Mango fruit were harvested in the 2013, 2014 and 2016 mango seasons (from mid-
January to early-March) from orchards lacking Amistar® fungicide spray. For each cultivar, 
three replicates per cultivar were conducted with two trees selected for each replicate. Five 
fruits were harvested from every single tree in order to make up ten fruits per each 
replicate for fruit inoculation assays. Another five fruits were collected from two trees for 
testing dry matter content at each fruit harvest per cultivar. A total of 15 fruit were 
harvested from the two similar trees.  
 
Mature green mango fruit of the cultivars ‘KP’, ‘Kent’, ‘Brooks’ and ‘Keitt’ were harvested in 
the mango season 2013 from a commercial orchard at Gatton, Queensland (QLD) 
(latitude: 27° 25' S, longitude: 152° 20' E). Mango cv. KP fruit at the commercial mature 
harvest were also collected at Brookfield orchard (latitude: 27° 29' S, longitude: 152° 53' 
E).  In the mango 2014 mango season, fruit of cv. KP were harvested from a commercial 
orchard in Brookfield, QLD at four times at different maturity levels, ranging from fruit at 
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immature stage to fruit at late harvest. Fruit of cv. Keitt were harvested from an orchard in 
Childers, QLD at three times at different physiological maturity stages, from the mature 
green fruit to late harvest fruit. Fruit of cv. Calypso were only collected at commercial 
harvest in the 2014 mango season. In the 2016 mango season, ‘KP’ and ‘Keitt’ fruit were 
harvested at the same orchard in Gatton at four times and three times, respectively as the 
same physiological stages at harvest previously performed in the 2014 season. Fruit of 
mango cv. Brooks were collected at two different maturity levels, including fruit at mature 
green stage and fruit at commercial harvest. Details of each harvest for each mango 
cultivars is described in the 4.2.4 section below. 
 
Once harvested, fruit were transported to the laboratory at Ecosciences Precinct (ESP), 
Department of Agriculture and Fisheries, Brisbane, Queensland. The fruit were then ‘de-
sapped’ immediately by cutting the peduncle, then by inverting the fruit on racks the sap 
was allowed to drain in 30 minutes. Fruit were then surface sterilised with 70% ethanol 
with the aim of removing any fungicide residues or excess sap.  
 
4.2.2. Fungal pathogens 
C. asianum isolate BRIP 28734 was used to assess the varietal resistance of fruit to 
anthracnose in different mango cultivars. This isolate was also previously used in the study 
performed by Hassan et al. (2007) on assessing the susceptibility of Australian commercial 
cultivars to postharvest anthracnose. Conidia were collected from a 14-day-old culture and 
maintained on half-strength Potato Dextrose Agar at 25 °C under 12 hours/day irradiation 
from near-ultraviolet light and a conidial suspension prepared in sterile deionised water by 
dislodging the conidia with sterile L-shape glass spreader. The suspension was washed by 
subjecting it to three repeated steps of low speed centrifugation whereupon the washed 
spores were re-suspended in sterile deionised water. A haemocytometer was used to 
adjust the final concentration to 1x106 conidia/mL.  
 
4.2.3. Fruit dry matter content 
Fruit dry matter content (FDMC) was quantified at the time of fruit harvest in order to 
identify the physiological maturity and stage of ripeness. Peel was firstly removed by a 
peeler, and the flesh was sliced (<2 mm in width). Five slices of flesh per fruit were taken, 
and flesh from five fruit were pooled for each cultivar prior to oven drying at 55 °C for 48 
hours; three replications were used per cultivar. Fruit DM was quantified using the formula: 
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FDMC (%) = 
Dry weight - Container weight 
* 100 
Fresh weight - Container weight 
 
4.2.4. Varietal resistance to postharvest anthracnose in Australian mangoes  
Fruit of different mango cultivars tested were harvested at the commercial maturity at 
harvest following the growers in the 2013 season. In order to achieve consistency of fruit 
harvest at the same physiological maturity between the cultivars, fruit of cv. KP were 
harvested in 2014 and 2016 at different maturity levels including harvest 1 (Immature fruit 
at 7±0.5 cm in fruit size), harvest 2 (mature green fruit), harvest 3 (fruit at commercial 
maturity for harvest) and harvest 4 (fruit at late harvest), while fruit of ‘Keitt’ were harvested 
three times which consisted of harvest 1 mature green fruit), harvest 2 (fruit at commercial 
maturity for harvest) and harvest 3 (fruit at late harvest) for FDMC and droplet inoculation 
with C. asianum. Fruit of ‘Brooks’ were harvest two times in the 2016 season, at mature 
green stage and commercial harvest, while fruit of Calypso in the 2014 season were 
harvested at commercial harvest only. The harvested fruit were washed and surface 
cleaned using the paper tissue previously sprayed with 70 % ethanol (v/v).  The fruit were 
then inoculated with 25μL droplets of C. asianum isolate BRIP 28734 at the concentration 
of 1x106 conidial/mL. After 48 hours incubation at 25 °C at high humidity in an incubator 
box lined with moistened blotting papers and sealed using the duct tape, fruit were 
transferred to commercial mango packing trays and allowed to ripen at 22 °C and 67.5% 
RH. During the fruit ripening stage, fruit were observed daily and anthracnose lesion 
diameters were measured at the ripe stage (when fruit are ready to be eaten).  
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Figure 4.1. Fruit of mango cv. KP inoculated with Colletotrichum asianum isolate 
BRIP28734 following droplet inoculation method. 
 
4.2.5. Natural disease infection caused by Colletotrichum species  
To assess severity of anthracnose arising from natural field infections, fruit of different 
mango cultivars were harvested at commercial maturity, then allowed to ripen in the fruit 
ripening room (RH=67.5% and 22 °C) at Ecosciences Precinct (ESP), Dutton Park, QLD. 
Harvested fruit were de-sapped immediately after being delivered to the laboratory at ESP. 
Disease severity arising from natural infection was quantified as the percentage of fruit 
surface area infected by Colletotrichum species at the ripe stage. Ten fruit were used for 
each replicate, and three replicates were undertaken. Koch’s postulates were applied to 
re-isolate and confirm the causal agent producing the anthracnose symptoms on fruit.  
 
4.2.6. Conidial germination and appressorial formation of Colletotrichum asianum 
on fruit of cvs KP and Keitt 
To further assess the differences in the early stage of the infection of C. asianum on fruit 
between ‘KP’ and ‘Keitt’, detached fruit assays were used to observe the germination of 
conidia and the formation of appressoria on fruit surface. The droplet inoculation method 
previously described was used for the fruit assays. Fruit were removed from the incubator 
(A) (B) 
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boxes after 6, 12, 24 and 48 h after incubation, and a clear nail varnish solution applied to 
the inoculated points on fruit. This was then allowed to dry under room temperature for at 
least 3 hours before three clear-film strips from each fruit were gently removed, transferred 
to the microscope slide, mounted with a droplet of cotton-blue stain and covered with a 
microscope cover slip. Assessments were made of spore germination and formation of 
appressoria for at least 50 conidia for each field observation under light microscopy. A 
spore was considered to be germinated when the germ tube was at least one-half of the 
length of the spore. There were three fruit per each replicate of each cultivar, and three 
replications were applied.  
 
4.2.7. Statistical analyses 
Graphpad Prism 6® (Graphpad Software, La Jolla, CA, USA) was used to perform 
statistical analysis. All experiments were conducted in a completely randomised design 
with three replicates. One-way analysis of variance (ANOVA) was applied to all 
experiments. Least significant difference (LSD) at the 5% level was applied to compare the 
means by Tukey’s multiple comparisons test.  
 
4.3. Results 
 
4.3.1. Fruit dry matter content 
In the 2013 mango season, fruit of all tested mangoes were harvested at commercial 
maturity, at which point significant differences (P<0.001) in FDMC were observed amongst 
mango cultivars (Table 4.1). Fruit of ‘KP’ had the significantly higher FDMC (21.2%) than 
those quantified from fruit of ‘Kent’, ‘Brooks’ and ‘Keitt’ at harvest (18.1%, 16.2% and 
16.9%, respectively) (Table 4.1).  
 
In the 2014 and 2016 mango seasons, fruit of ‘KP’ and ‘Keitt” were harvested at a range of 
different times, and a significant increase (P<0.001) in FDMC was between early harvest 
to late harvest fruit of these two cultivars (Figure 4.2A and 4.3A). In the 2014 mango 
season, immature fruit of ‘KP’ (harvest 1) had significantly smaller FDMC (13.7%) 
compared with those fruit harvested at mature green, commercial harvest and late harvest 
(17.9%, 20.7% and 23.9 %, respectively). Fruit of ‘Keitt’ reached 15.5% FDMC at the first 
harvest (mature green fruit), then increased to 17.7% at the second harvest (commercial 
harvest) and 20.8% at the third harvest (late harvest) (Figure 4.2A). However, no 
significant differences (P>0.05) in fruit maturity were found in each harvest between ‘KP’’ 
and ‘Keitt’ in the two mango seasons (Figure 4.2A and 4.3)     
78 
 
 
 
Table 4.1. Anthracnose development following droplet inoculation with 
Colletotrichum asianum isolate BRIP 28734 and disease severity arising from 
natural infection of Colletotrichum species in fruit collected at commercial harvest 
of different mango cultivars in the 2013 mango season 
Cultivar Fruit dry matter 
content (%) 
Days to 
eating ripe 
Anthracnose lesion 
diameter (mm) 
Disease severity 
(%) 
KP 21.2 c 10.3 a 19.3 d 36.8 c 
Kent 18.1 b 13.3 b 17.7 c  33.2 bc 
Brooks 16.2 a 19.0 c 4.3 b 28.3 b 
Keitt 16.9 a 20.3 c 0.7 a 12.6 a 
Means followed by the same letter within a column do not differ at P≤0.05 following 
Tukey’s multiple comparisons test. Values are expressed as means of three replicates. 
 
4.3.2. Varietal resistance to postharvest anthracnose in Australian mangoes 
A series of detached fruit assays were undertaken in the 2013, 2014 and 2016 mango 
seasons to assess the susceptibility of different mango cultivars to postharvest 
anthracnose induced by C. asianum isolate BRIP 28734. In the 2013 mango season, 
significant differences (P<0.001) in anthracnose lesion diameters were observed among 
the four cultivars tested including ‘KP’, ‘Keitt’, ‘Kent’ and ‘Brooks’ (Table 4.1). ‘Keitt’ fruit 
had the smallest lesion diameters compared to the largest anthracnose lesions found in 
the fruit of ‘KP’ and ‘Kent’ (Table 4.1). 
Effects of fruit maturity on anthracnose lesion development between the two cultivars ‘KP’ 
and ‘Keitt’ in the 2014 and 2016 mango seasons are presented in Figure 4.2B and 4.3B. In 
general, fruit maturity affected the anthracnose development induced by C. asianum at the 
ripe stage in cv. KP, but not cv. Keitt regardless of harvest. At the same FDMC, fruit of cv. 
Keitt had the smallest lesion development in comparison to mango cv. KP at any of the 
harvests (Figure 4.2B and 4.3B). A significant increase (P<0.001) in FDMC of cv. KP 
resulted in the larger anthracnose lesions reproduced by C. asianum (Figure 4.2B, 4.3B 
and 4.4). Fruit of ‘Calypso’ had the largest anthracnose lesion diameter at eating ripe 
stage (Figure 4.2B), while ‘Brooks’ had the significantly smaller lesions compared with fruit 
of ‘KP’, but much larger than ‘Keitt’ fruit at the same maturity when being harvested (Figure 
4.3B). 
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2014 mango season  
 
  
 
Figure 4.2. Fruit dry matter content (A) and anthracnose lesion diameters (B) at the 
ripe stage induced by Colletotrichum asianum isolate BRIP 28734 following the 
droplet inoculation in the 2014 mango season. Values are expressed as means of 
three replicates. Bars surmounted by the same letter do not differ at P≤0.05 
following Tukey’s multiple comparisons test.  
(A) 
  (B) 
Cultivar 
Cultivar 
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2016 mango season  
 
 
 
 
Figure 4.3. Fruit dry matter content (A) and anthracnose lesion diameters (B) at the 
ripe stage induced by Colletotrichum asianum isolate BRIP 28734 following the 
droplet inoculation in the 2016 mango season. Values are expressed as means of 
three replicates. Bars surmounted by the same letter do not differ at P≤0.05 
following Tukey’s multiple comparisons test.  
 
 
(A) 
(B) 
Cultivar 
Cultivar 
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Figure 4.4. Anthracnose symptom on fruit at the ripe stage. (A) Mango cv. KP fruit at 
the ripe stage following droplet inoculation with Colletotrichum asianum isolate 
BRIP 28734 at different maturity levels (1) Fruit harvested at commercial harvest (2) 
Fruit harvested at mature green (3) Fruit harvested at the immature stage; (B) Mango 
cv. Keitt fruit at eating ripe following droplet inoculation with Colletotrichum 
asianum isolate BRIP 28734. 
 
 
 
(A) 
(B) 
1 
2 
3 
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4.3.2. Natural disease infection caused by Colletotrichum species 
In the 2013, 2014 and 2016 mango seasons, disease severities of anthracnose 
development on the fruit at the ripe stage of different cultivars are shown in Table 4.1, 4.2 
and 4.3. Disease severities quantified from ‘Keitt’ fruit were significantly lower (P<0.001) 
than those determined from all other cultivars in three mango seasons. ‘Keitt’ fruit took the 
longest time to reach the ripe stage (20.3 days in 2013, 19.8 days in 2014 and 20.1 days 
in 2016), whereas ‘KP’ fruit reached the ripe stage at 10.3, 11.9 and 12.6 days, 
respectively.   
 
Table 4.2. Disease severity arisen from natural infection of Colletotrichum species in 
fruit collected at commercial harvest of different mango cultivars in the 2014 mango 
season 
Cultivar Days to eating ripe Natural disease severity 
(%) 
KP (Brookfield, QLD) 11.9 a 28.1 b 
Calypso (Childers, QLD) 14.4 c 27.3 b 
Keitt (Childers, QLD) 19.8 c 15.1 a 
Means followed by the same letter within a column do not differ at P≤0.05 following 
Tukey’s multiple comparisons test. Values are expressed as means of three replicates. 
 
 
Table 4.3. Disease severity arisen from natural infection of Colletotrichum species in 
fruit collected at commercial harvest of different mango cultivars in the 2016 mango 
season 
Cultivar Days to eating ripe Natural disease severity 
(%) 
KP 12.6 a 34.7 c 
Brooks  17.4 b 26.9 b 
Keitt 20.1 b 16.7 a 
Means followed by the same letter within a column do not differ at P≤0.05 following 
Tukey’s multiple comparisons test. Values are expressed as means of three replicates. 
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4.3.3. Conidial germination and appressorial formation of Colletotrichum asianum 
on fruit of KP and Keitt 
To assess any differences in the germination of conidia and formation of appressoria 
between KP and Keitt mango, the early infection process of C. asianum isolate BRIP 
28734 was undertaken on the fruit of these two cultivars at the same maturity in the 2016 
mango season (Table 4.4 and 4.5). No significant differences (P>0.05) were found in the 
conidial germination and appressorial formation of C. asianum in the first 48 hours 
between ‘KP’ and ‘Keitt’ fruit. 
 
Table 4.4. Percentage of conidial germination of Colletotrichum asianum in fruit of 
‘Kensington Pride’ and ‘Keitt’ at the same physiological maturity in the 2016 mango 
season 
Cultivar 
Hours after inoculation 
6h 12h 24h 48h 
KP 0 a 51.5 a 82.7 a 100 a 
Keitt 0 a 49.8 a 81.2 a 100 a 
Means followed by the same letter within columns do not differ at P≤0.05 following Tukey’s 
multiple comparisons test. Values are expressed as means of three replicates. 
 
 
Table 4.5. Percentage of appressorial formation of Colletotrichum asianum in fruit of 
‘Kensington Pride’ and ‘Keitt’ at the same physiological maturity in the 2016 mango 
season 
Cultivar 
Hours after inoculation 
6h 12h 24h 48h 
KP 0 b 31.4 a 53.5 a 80.4 a 
Keitt 0 b 32.3 a 52.8 a 78.5 a 
Means followed by the same letter within columns do not differ at P≤0.05 following Tukey’s 
multiple comparisons test. Values are expressed as means of three replicates. 
 
4.4. Discussion 
The current study presents for the first time the effect of fruit maturity at harvest on the 
assessment of varietal resistance to postharvest anthracnose caused by C. asianum in 
mango. The later harvest of fruit of cvs. KP and Brooks resulted in the larger anthracnose 
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lesions induced by C. asianum isolate BRIP 28734, whereas ‘Keitt’ fruit had the smallest 
anthracnose lesions regardless of the harvest. In the current study, ‘KP’ was identified as a 
susceptible cultivar to postharvest anthracnose. This finding was in contrast to the study 
performed by Hassan et al. (2007) who concluded that ‘KP’ was assessed to be an 
anthracnose resistant cultivar following the inoculation with the same C. asianum isolate 
(BRIP 28734) as used in the present study. However, the susceptibility of fruit to 
anthracnose amongst mango cultivars demonstrated by Hassan et al. (2007) might not be 
an accurate indicator for assessing varietal resistance to postharvest anthracnose, 
especially for cv. KP as the fruit harvested at different physiological maturity levels for 
each cultivar across three years of their study. In the 2003-2004 mango season, ‘KP’ fruit 
had 12.8% FDMC at harvest, while those fruit harvested in the 2004-2005 and 2006-2007 
mango seasons possessed 14.8% and 17.8% FDMC, respectively. Mean lesion diameter 
of ‘KP’ in the 2004-2005 mango season was significantly smaller than all other cultivars 
tested, except for ‘Keitt’ cultivar. Whereas, ‘KP’ mango had significantly larger lesions than 
‘Keitt’ for the 2006-2007 mango season in which FDMC of ‘Keitt’ was similar to ‘KP’, at 
18.5%. The current study indicated that ‘KP’ fruit were determined as being harvested at 
the early stages when FDMC reached up to 17.9 % in the 2014 mango season and 17% in 
the 2016 mango season. ‘KP’ fruit were clearly identified to be at the immature stage when 
FDMC <14% following the data shown in the present study.  
 
Results of detached fruit assays and disease severity arisen from natural infection in three 
years of mango seasons (2013, 2014 and 2016) clearly indicated that the cultivars ‘KP’, 
‘Kent’, ‘Calypso’ and ‘Brooks’ grown in Australia were susceptible to postharvest 
anthracnose, whereas ‘Keitt’ appeared to be the only Australian mango cultivar considered 
to be  anthracnose resistant. Fruit of ‘Keitt’ grown in China were recently determined to be 
resistant to postharvest anthracnose in the study of Gong et al. (2013). These findings 
were also supported by Droby et al. (1986) who demonstrated that ‘Keitt’ fruit only started 
developing the symptoms caused by Alternaria alternata at 40 days after harvest 
compared with the symptoms developed much earlier on the fruit of ‘Haden’.  Varietal 
resistance to postharvest anthracnose among cultivars were previously reported due to the 
presence of pref-formed antifungal compounds in the studies of Hassan et al. (2007). Their 
studies found a strong positive correlation between the levels of constitutive 
alk(en)ylresorcinols in peel and the degree of resistance to C. gloeosporioides in fruit of 
Australian commercial mango cultivars. The fruit peel of the cultivars ‘Kensington Pride’ 
and ‘Keitt’ had the highest levels of both 5-n-heptadecenylresorcinol (107.3-123.7 and 
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49.9-61.4 µg/g FW (fresh weight), respectively) and 5-n-pentadecylresorcinol (6.32-7.99 
and 3.30-6.05 µg/g FW, respectively), and the fruit of these two cultivars were found to be 
resistant to postharvest anthracnose. The cultivars including ‘Kent’, ‘R2E2’, ‘Nam Doc 
Mai’, ‘Calypso’ and ‘Honey Gold’ were observed to possess much lower concentrations of 
resorcinols in their peel and three of these cultivars were found to be more susceptible to 
anthracnose.  
 
The percentage of conidial germination and appressorial formation of C. asianum isolate 
BRIP 28734 was not significant different (P>0.05) in the fruit of ‘KP’ and ‘Keitt’ at the same 
FDMC, indicating that the resistance of ‘Keitt’ fruit to postharvest anthracnose might be 
due to the high levels of preformed antifungal compounds located in its peel at the ripe 
stage. Droby et al. (1986) studied the relationship between the concentrations of the 5-
substituted resorcinols and the development of symptoms caused by Alternaria alternata in 
mango grown in Israel. Their study indicated that symptoms were not seen on the fruit of 
‘Keitt’ at the ripe stage (26 days after harvest) as it still had high levels of these constitutive 
compounds in the peel. Otherwise, mango is known to contain the rich sources of phenolic 
compounds in the peel (Masibo & He, 2008). It is hypothesised here that phenolic 
compounds play a role in resistance of mango to postharvest anthracnose and other 
diseases. 
 
In conclusion, the present study reported that cv. Keitt was resistant to postharvest 
anthracnose following the inoculation with C. asianum and the disease severity arisen from 
natural infection induced by Colletotrichum species. However, all other mango cultivars 
tested including ‘KP’, ‘Brooks’, ‘Kent’ and ‘Calyso’ were found to be the susceptible 
cultivars. The current experiments also found the important role of FDMC in assessing the 
anthracnose development on fruit in cvs. KP and Brooks, excepting for ‘Keitt’ as this 
cultivar was highly resistant to anthracnose regardless of harvest. In order to assess the 
susceptibility of mango cultivars to anthracnose, studies on the varietal resistance of fruit 
to postharvest anthracnose need to be conducted with the consistency of FDMC for all 
mango cultivars, as FDMC in different maturity levels has resulted in the significant 
differences of fruit susceptibility to anthracnose at the ripe stage. Also, the disease 
resistance mechanisms in mango should be further studied to elucidate the differences 
between the resistant and susceptible cultivars of Australian mangoes, particularly in cvs. 
Keitt and KP.  
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Chapter 5: Phenolic compounds associated with anthracnose resistance in mango 
 
Abstract 
Mango fruit peel and leaves are known to have high levels of polyphenols, however the 
role of the individual phenolic compounds in resistance of mango to postharvest diseases 
has not been reported. Among the various phenolic compounds known in mango, those 
that have previously been found to have antifungal activities against fungal pathogens of 
other plants include mangiferin, quercetin and hyperoside. In the present study high 
performance liquid chromatography was utilised to detect and quantify the constitutive 
levels of the three above mentioned phenolic compounds.  Levels were assessed in the 
peel of fruit at immature, harvest, sprung and ripe stage in the 2013, 2014 and 2016 
mango seasons, and in the leaves at flush red, early green and dark green stage in 2013. 
The contents of these compounds and their relationship with anthracnose development at 
the fruit ripe stage and developmental leaf stages were also elucidated. High 
concentrations of hyperoside were reported in peel collected at the ripe stage of the 
resistant cultivar ‘Keitt’ (404.83 to 571.60 mg/kg dry matter) compared with concentrations 
in the susceptible cultivar ‘Kensington Pride’ (80.16 to 124. 33 mg/kg dry matter). A 
significant correlation between the levels of hyperoside and anthracnose development was 
found in the fruit at ripe stage (R2=0.59, P<0.001) and also in the leaves (R2=0.45, 
P<0.001). Mangiferin, however, was not detected in the peel of cv. Keitt over three mango 
seasons, while quercetin was only detected in the peel of cv. Kensington Pride at harvest 
in the 2016 season. Results from further screening assays to test the in vitro antifungal 
activities of the individual compounds amongst three polyphenols against C. asianum 
indicated that no direct inhibitory effects were found at different concentrations tested in 
this study. 
 
Keywords: phenolic compounds, mangiferin, hyperoside, quercetin, physiological maturity 
stage, anthracnose resistance, antifungal activities.  
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5.1. Introduction 
 
Mango, including both the fruit and other tissue parts, possess a range of polyphenols.  
These polyphenols have been reported to have antioxidant properties (Masibo & He, 2008; 
Ribeiro et al., 2008) which in human cells can protect against damage caused by oxidative 
stress which can otherwise lead to lipid peroxidation, DNA damage as well as induction of 
many degenerative diseases (Masibo & He, 2008). For the mango plant, including the fruit, 
these polyphenols act in the protection against pathogen and pest attack. The major 
phenolic compounds detected in the different tissue types of mango, including that of the 
peel, pulp, kernel, bark and leaves, have been identified and quantified using high 
performance liquid chromatography (HPLC) by a number of research groups (Barreto et 
al., 2008; Berardini et al., 2005a; Ribeiro et al., 2008; Schieber et al., 2000; Singh et al., 
2004). These studies have shown that the main phenolic compounds in mango are 
mangiferin, quercetin, hyperoside (quercetin 3-O-galactoside), catechins, kaempferol, 
rhamnetin, anthocyanins, gallic and ellagic acids, propyl and methyl gallate, benzoic acid 
and protocatechuic acid (Barreto et al., 2008; Berardini et al., 2005a; Berardini et al., 
2005b; Schieber et al., 2003). 
 
Amongst the phenolic compounds detected in the fruit peel of mango, mangiferin, 
hyperoside and quercetin have all been shown to possess antioxidant activities. Mangiferin 
is the name given to the chemical compound known as (1S)-1,5-Anhydro-1-(1,3,6,7-
tetrahydroxy-9-oxo-9H-xanthen-2-yl)-D-glucitol, which is a xanthone C-glycoside.  Its 
concentration was reported to be highest in young and old leaves, but also present in 
detectable amounts in the bark, kernel and peel (Barreto et al., 2008). Hyperoside, of 
which the chemical name is 2-(3,4-dihydroxyphenyl)-3-[(3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-yl]oxy-4H-chromene-4,5,7-triol, is a flavonoid. As well as mango, it 
has been isolated from a range of plants, such as the medicinal plant Hypericum 
perforatum L.  (Liu et al., 2005; Luo et al., 2004; Zou et al., 2004) and hawthorn fruit 
(Zhang et al., 2001). Quercetin, otherwise known as 2-(3,4-dihydroxyphenyl)-3,5,7-
trihydroxy-4H-chromen-4-one, is also a flavonoid.  Each of these three compounds have 
been shown to have beneficial effects on human health and /or treatment of disorders. For 
instance, mangiferin was found to perform antidiabetic action by declining the insulin 
resistance (Ichiki et al., 1998; Miura et al., 2001), and possess an antihyperlipidemic and 
antiatherogenic function (Muruganandan et al., 2005). Quercetin has an effect against 
coronary heart disease by blocking platelet aggregation and eicosanoid synthesis (Pace-
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Asciak et al., 1995), and has also been shown to have antidiabetic activities (Machha et 
al., 2007; Shetty et al., 2004; Vessal et al., 2003). 
 
Anthracnose is caused by the Colletotrichum gloeosporioides species complex and is 
considered to be one of the most important diseases in mango, particularly in humid 
regions (Arauz, 2000). The typical symptoms include a large blackened depressed lesion 
which in the case of the fruit generally extends into the flesh. The correlation between the 
levels of mangiferin, or of the two flavonoids hyperoside and quercetin, with that of 
anthracnose disease development during the fruit ripening stages and developmental leaf 
stages has not been studied to date. Berardini et al. (2005a) quantified the content of 
these phenolic compounds in fruit peel of several cultivars used in commercial mango 
production. Their results demonstrated significant differences in the contents of mangiferin 
and hyperoside amongst the tested mango cultivars. The concentrations of both 
mangiferin and hyperoside were found to be the highest in the peel of the mango cultivar 
‘Tommy Atkins’, whereas the lowest concentrations were quantified in the peel of ‘R2E2’, 
‘Nam Doc Mai’, ‘Kent’ and ‘Haden’ (Berardini et al., 2005a). As the cultivar ‘Tommy Atkins’ 
has been reported as being relatively resistant to anthracnose, while the remaining 
cultivars were all susceptible (Arauz, 2000; Lima et al., 2013; Nelson, 2008), it is 
hypothesised here that the constitutive contents of these compounds relate to disease 
resistance mechanisms in mango.   
 
The role of phenolic compounds in resistance of mango to diseases has been reported in 
only a few studies. A correlation between the changes in mangiferin contents and 
development of malformation disease caused by Fusarium moniliforme var. subsglutinans 
has been reported by Haggag et al. (2011) and  Singh (2006). High concentrations of 
mangiferin in the mature leaves prior to the differentiation of flower bud were observed in 
the malformation resistant cultivar ‘Elaichi’ compared with concentrations in the leaves of 
the susceptible cultivars ‘Amprapali’, ‘Beauty Mc-lin’ and ‘Dashehari’. A recent study 
performed by Sivankalyani et al. (2016) demonstrated the association of anthocyanin and 
flavonoids in the fruit peel of cv. Shelly in pathogen and cold resistance. The red fruit of cv. 
Shelly which were found to be resistant when challenged with C. gloeosporioides and as 
well as to chilling injury contained significantly higher levels of anthocyanin and flavonoids 
compared with the green fruit of cv. Shelly. However, the role of the individual compounds 
mangiferin, quercetin and hyperoside in resistance of mango to anthracnose in both fruit 
and leaves has never been reported. 
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Studies on resistance mechanisms in mango to postharvest diseases have included 
examination the role of pre-formed antifungal resorcinols in the latent infection of black 
spot caused by Alternaria alternata (Fr.) Kreissler (Droby et al., 1986, 1987) and also of 
anthracnose (Hassan et al., 2007; Hassan et al., 2009; Karunanayake et al., 2011; 
Karunanayake et al., 2014). These findings have demonstrated that higher concentrations 
of constitutive al(en)ylresorcinols in the fruit peel resulted in lower levels of postharvest 
disease development in mango. In addition to these findings, Ebrahim et al. (2011) 
investigated the relationship between the activities of chitinase and β-1,3-glucanase in the 
leaves during the flowering period of 12 local mango cultivars in India. Their results 
indicated that the activity of the two pathogenesis-related (PR) proteins were significantly 
higher in the malformation resistant cultivars, ‘Bhadauran’ and ‘Elaichi’, than the 
susceptible cultivars, such as ‘Eldon’, ‘Neelum’ and ‘Amrapali’.    
 
The overall aims of this study were to determine if any one of the three polyphenols, 
maginferin, hyperoside or quercetin, play a role in resistance to anthracnose in mango. For 
this purpose, the following studies were undertaken: (i) quantification of the concentrations 
of these phenolic compounds in the peel and leaves of different mango cultivars at various 
physiological maturity and ripening stages; (ii) assessment of any association between the 
level of these compounds in the peel and leaves and anthracnose resistance at the fruit 
ripe stage and developmental leaf stages of susceptible and resistant cultivars; (iii) 
screening of  the compounds for in vitro inhibitory effects against fungal isolates causing 
postharvest anthracnose and stem end rot in mango. 
 
5.2. Materials and methods 
5.2.1. Leaf and fruit harvest 
Leaves and fruits of mango of different cultivars were collected with the long petioles and 
peduncles, respectively, still attached. The leaves and fruits were delivered to the 
laboratory within the same day as collection and placed in a fruit ripening room (22 °C and 
67.5% relative humidity) at the Ecosciences Precinct (ESP), Dutton Park, Queensland. 
This occurred during the mango fruiting season in southeast Queensland in a period which 
extended from mid-January to early-March in the years 2013, 2014 and 2016. After 
transportation to ESP, the fruit were de-sapped by cutting off the peduncles and inverting 
the fruit on the racks to drain the sap for at least 30 minutes. The fruit were surfaced 
cleaned by wiping with paper tissue sprayed with 70% (v/v) ethanol before further 
processing for HPLC experiments.  
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For the leaf samples, the petioles were removed as soon as delivered to ESP, each leaf 
was then rinsed using tap water before processing for HPLC. Details of each harvest and 
its experimental design are presented in Table 5.1. 
 
5.2.2. Samples collection for HPLC 
In each sample year, sampling of the fruit was undertaken at the following fruit maturity 
and ripening stage: immature fruit, harvest, sprung stage (when fruit turned soft as 
assessed by the hand pressure), and ripe stage (when fruit were ready for consumption). 
The leaves were sampled at the following developmental leaf stages: flush red, early 
green leaf and dark green leaf, and subjected to the availability of the leaf stages of each 
cultivar.  
 
For each fruit harvested a sharp knife was used to excise the peel tissue without any flesh 
tissues, and the peel was then cut into small pieces. All the samples were frozen in liquid 
nitrogen after being collected, and being stored at -80 °C prior to extraction. A total of nine 
fruit were harvested at each development stage of each cultivar. Table 5.1 summaries the 
cultivars, their physiological maturity stages and peel tissues of those fruit that were 
sampled.
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Table 5.1. Details of mango leaves and fruit harvests and experimental design for HPLC undertaken in 2013, 2014 and 2016.   
Year Location Fruit/Leaves Cultivar and physiological maturity stage Experimental design 
 
 
 
 
 
 
 
 
 
 
 
 
 
2013 
 
 
 
 
 
 
 
 
 
Gatton, 
Queensland 
(QLD) 
(latitude: 27° 
25' S, 
longitude: 
152° 20' E) 
 
 
 
 
 
 
 Fruit 
KP – Immature 1 (5 ± 0.5 cm in diameter) 
KP – Immature 2 (7± 0.5 cm in diameter) 
Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
 
KP - Harvest 1 (Mature green) 
 
Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
KP - Harvest 2 (Commercial harvest) 
Keitt – Harvest (Commercial harvest) 
Brooks – Harvest (Commercial harvest) 
R2E2 – Harvest (Commercial harvest)  
Three single tree replicates were conducted. Fruit 
were harvested for HPLC at harvest, sprung and ripe 
stage. Each replicate combined the peel from three 
fruit for each of the ripening stages.   
Kent – Harvest (Commercial harvest) There was only one tree of mango cv. Kent. Three 
replicates were applied. Each replicate consisted of 
the peel from three fruit for HPLC at harvest. 
 
 
Leaves 
KP – Flush red 
KP – Dark green  
Brooks – Early green 
Brooks – Dark green 
R2E2 – Flush red 
R2E2 – Early green 
R2E2 – Dark green 
Three single tree replicates were conducted. Each 
replicate consisted of five leaves for HPLC. 
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Nambour, 
QLD (latitude:  
26° 37' S, 
longitude: 
152° 57' E) 
   Fruit NDM – Harvest (Mature green) There were only two trees of NDM mango. Three 
replicates were applied. Each replicate combined the 
peel of three fruit from the two trees for HPLC at 
harvest only. 
 
 
 
 
   Leaves 
NDM – Dark green There were only two trees of mango cv. NDM. Three 
replicates were applied. Each replicate combined 
five leaves from the two trees for HPLC. 
Calypso – Dark green There were only one tree of mango cv. NDM. Three 
replicates were applied. Each replicate consisted of 
five leaves for HPLC. 
Keitt – Early green 
Keitt – Dark green 
Three single tree replicates were conducted. Each 
replicate consisted of five leaves for HPLC 
 
 
 
 
 
2014 
 
 
 
 
Brookfield, 
QLD (latitude: 
27° 29' S, 
longitude: 
152° 53' E) 
 
 
 
 
 
Fruit 
KP – Harvest 1 (Immature) 
 
KP – Harvest 2 (Mature green) 
Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
KP – Harvest 3 (Commercial harvest) Three single tree replicates were conducted. Fruit 
were harvested for HPLC at harvest, sprung and ripe 
stage. Each replicate combined the peel from three 
fruit for each ripening stage. 
KP – Harvest 4 (Late harvest) Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only 
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Childers, QLD 
(latitude: 25° 
14' S, 
longitude: 
152° 16' E) 
 
 
 
 
 Fruit 
Keitt – Harvest 1 (Mature green) Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
Keitt – Harvest 2 (Commercial harvest) Three single tree replicates were conducted. Fruit 
were harvested for HPLC at harvest, sprung and ripe 
stage. Each replicate combined the peel from three 
fruit for each ripening stage.   
 Keitt – Harvest 3 (Late harvest) Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
 
 
 
 
 
 
2016 
 
 
 
Gatton, 
Queensland 
(QLD) 
(latitude: 27° 
25' S, 
longitude: 
152° 20' E) 
 
 
 
 
 
 
     Fruit 
KP- Harvest 1 (Immature) 
KP- Harvest 2 (Mature green) 
Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
KP – Harvest 3 (Commercial harvest) Three single tree replicates were conducted. Fruit 
were harvested for HPLC at harvest, sprung and ripe 
stage. Each replicate combined the peel from three 
fruit for each ripening stage. 
KP – Harvest 4 (Late harvest) Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
Keitt – Harvest 1 (Mature green) Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
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HPLC at harvest only. 
Keitt – Harvest 2 (Commercial harvest) Three single tree replicates were conducted. Fruit 
were harvested for HPLC at harvest, sprung and ripe 
stage. Each replicate combined the peel from three 
fruit for each ripening stage.  
Keitt – Harvest 3 (Late harvest) Three single tree replicates were conducted. Each 
replicate consisted of the peel from three fruit for 
HPLC at harvest only. 
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5.2.3. Fungal pathogens 
Colletotrichum asianum (C. asianum) isolates BRIP 28734 and Lasiodiplodia theobromae 
(L. theobromae) isolate BRIP 51631 were used in this study. These fungal pathogens were 
sub-cultured every 14 days on half-strength potato dextrose agar medium amended with 
2% (v/v) streptomycin in 90 mm Petri plates. The Petri plates were maintained at 12 h 
day/night under near ultraviolet black light at 25 °C in an incubator cabinet.   
 
5.2.4. Varietal resistance to anthracnose 
The assessment of susceptible and resistant cultivars to anthracnose in fruit and leaves 
was performed using the C. asianum isolate BRIP 28734. The droplet inoculation method 
was used as described in Chapter 3.  Varietal resistance to anthracnose in Australian 
commercial cultivars were previously described and presented in Chapters 3 and 4. 
 
5.2.5. Standard reagents 
Mangiferin and quercetin were purchased from Sigma-Aldrich, Missouri, USA, and 
hyperoside was sourced from Extrasynthese, Lyon, France.  
 
5.2.6. HPLC extraction and running conditions  
Extraction method for HPLC 
Leaf and peel samples that had been stored at -80 °C were subject to the following 
extraction procedure as a modification of that published by Arranz et al. (2009). Briefly, 
each sample was cut into the small pieces, and then ground using a pestle.in a pre-chilled 
mortar with liquid nitrogen.  One gram of the fine powder of leaf or peel sample was placed 
in a clean 15 mL Falcon tube to which 5 mL of methanol/Milli-Q water (50:50, v/v) was 
added. The tube was left at room temperature for 2h. The tube was then centrifuged at 
7830 rpm for 10 min. and the supernatant collected. A volume of 5 mL of acetone/Milli-Q 
water (70:30, v/v) was added to the residue, and all steps were repeated. The methanol 
and acetone extracts were combined, then 1 mL of the crude extract filtered through a 
0.45 μM pore size using Millex® syringe filter made by hydrophilic PTFE membrane (EDM 
Millipore, Massachusetts, USA). The filtered crude extract was kept in a 2 mL amber glass 
vial with PTFE-lined closed cap (Sigma-Aldrich, Missouri, USA) and left at -20 °C prior to 
HPLC analysis. 
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Preparation of standard compounds 
The stock solution of 1 mg/mL (w/v) for each HPLC standard of mangiferin, quercetin and 
hyperoside was prepared by adding 5 mg of each standard compound to 5 mL of methanol 
using the volumetric flasks. After that, a mixture of the three compounds were prepared at 
different concentrations using Milli-Q water. The five concentrations (0.1 mg/mL, 0.05 
mg/mL, 0.01 mg/mL, 0.005 mg/mL and 0.001 mg/mL) of each standard compound were 
used to make a standard curve.  
 
HPLC running conditions  
Revere phase HPLC was performed using an Agilent 1100 (Agilent Technologies, 
California, USA), and the type of column and the running conditions followed Berardini et 
al. (2005a) with some modifications. The column used for HPLC was a 250 mm x 4.6 mm 
i.d., 4 μm Synergi Hydro-RP (Phenomenex, Torrance, CA), with a 4.0 mm x 2.0 mm i.d. 
C18 ODS guard column, operated at a temperature of 25 °C. The mobile phase consisted 
of 2% (v/v) acetic acid in water (eluent A) and of 0.5% acetic acid in water and acetonitrile 
(50:50, v/v; eluent B). The gradient program was as follows: 0-28% B (10 min), 28-35% B 
(25 min), 35-75% B (10 min), 75-90% (5 min) and 90 to 0% B (10 min). The injection 
volume for all samples was 10 μL. Monitoring was performed at 370 nm, and a flow rate of 
0.6 mL/min.  
 
5.2.7. In vitro antifungal activities 
Poisoned food technique  
A series of in vitro antifungal assays were undertaken following the poisoned food 
technique described by Li et al. (2005). Stock solution of mangiferin and quercetin was 
prepared by adding 40 mg of mangiferin or quercetin to 40 mL of methanol to make the 
concentration at 1 mg/mL (w/v). Serial dilutions of 1:10 in sterile deionised water were 
created by transferring 5 mL of the stock solution to 45 mL of sterile deionised water. The 
agar solutions were created by transferring 10 mL of original stock solution and diluted 
compound solutions to 90 mL of PDA maintained in a water bath at 55 °C. Finally, the 
concentrations for testing inhibitory effects of the phenolic compounds were 0.1 mg/mL, 
0.01 mg/mL, 0.001 mg/mL and 0.0001 mg/mL. The Petri plates of the negative control 
media were prepared by adding 10 mL of sterile deionised water to 90 mL agar. 
Streptomycin was added prior to pouring plates. Each Petri plate was then poured with 
approximately 20 mL. After that, a plug of mycelia of C. asianum isolate BRIP 28734 or L. 
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theobromae isolate BRIP 51631 was placed in the centre of each Petri plate using a cork 
borer with a 5 mm diameter. Finally, the Petri plates were incubated at 25 °C, and the 
colony diameter was measured at 6 days after incubation. Three single Petri plates were 
used at each concentration of the fungal pathogen.  
A stock solution of hyperoside was created by adding 3 mg of hyperoside to 30 mL of 
methanol to make a concentration at 0.1 mg/mL (w/v). After that, 1:10 serial dilutions in 
sterile deionised water were prepared by transferring 5 mL of the original solution to 45 mL 
of sterile deionised water. Agar solutions were created by transferring 10 mL of diluted 
compound solutions to 90 mL of PDA maintained in a water bath as before. Finally, the 
concentrations for screening antifungal activity of hyperoside were 0.01 mg/mL, 0.001 
mg/mL, 0.0001 mg/mL and 0.00001 mg/mL. The following steps were previously described 
for mangiferin and quercetin.  
The fungicide Amistar® (250 g azoxystrobin/L) was used as the positive control for C. 
asianum and L. theobromae. A stock solution of this fungicide was prepared by adding 40 
mL of Amistar to 60 mL of sterile deionised water to create the concentration at 100 
mg/mL (w/v). The steps following were previously described. The final concentrations used 
for the paper disc method were 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL.  
Paper disc method  
In order to prevent any potential inhibitory effects against the fungal pathogens of the 
solvents used to dissolve the phenolic compounds, paper disc method, another in vitro 
antifungal assay, was performed following the method described by Reller et al. (2009). 
Mangiferin, quercetin and hyperoside were dissolved in 50% (v/v) of dimethyl sulfoxide 
(DMSO) and 50% (v/v) of methanol at different concentrations. Half strength PDA was 
prepared first and kept in water bath at 55 °C. A spore suspension of C. asianum BRIP 
28734 at the concentration of 1 x 106 conidia/mL was prepared. The half-strength PDA 
melted in water bath was then cooled to about 45 °C, and 100 mL of the fungal spore 
suspension was added to 900 mL to obtain a final spore suspension of 1 x 105 conidia/mL 
and the plates were poured. After that, using 5mm diameter of sterile discs of Whatman 
No. 1 filter paper 10 µL of each test compound was applied to separate discs. Every drop 
was allowed to dry or nearly dry, before applying the next drop until 50 µL total had been 
loaded on each disc. The discs were placed in the middle of individual Petri plates. Any 
subsequent inhibition zone diameter was measured at 2 days after of incubation at 25 °C. 
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5.2.8. Statistical analysis 
GraphPad Prism 6.0® (GraphPad Software, Inc, California, USA) was used to analyse 
one-way analysis of variance (ANOVA) using Tukey’s multiple comparisons test to 
compare the mean concentrations of mangifeirn, quercetin and hyperoside in the peel 
during fruit maturity/ripening stages and the developmental leaf stages among all tested 
mango cultivars in 2013 season. In the 2014 and 2016 mango seasons, one-way ANOVA 
was used to compare the mean concentrations of each phenolic compound at the multiple 
harvests and ripening stages of cvs. KP and Keitt.  
 
The relationship between the concentrations of mangiferin, hyperoside and quercetin with 
the developmental leaf stages and anthracnose lesions induced by C. asianum in 2013 
was assessed by GraphPad Prism 6.0® using regression analysis. Regression analysis 
was also used to perform the correlation between the constitutive contents of each 
phenolic compound and anthracnose development in fruit. The data for each phenolic 
compound quantified from the peel of fruit at harvest and ripe stage as well as 
anthracnose lesion diameters measured at the ripe fruit were pooled across three mango 
seasons 2013, 2014 and 2016. 
 
GraphPad Prism 6.0® was also used to calculate EC50 (Effective Concentration in which 
inhibits the mycelial growth by 50%). Subject data to EC50 calculation and dose response 
curves for mangiferin, quercetin and hyperoside was performed using the statistical 
software. The data for inhibition zones were also subjected to ANOVA using Tukey’s test.  
 
5.3. Results  
5.3.1. Detection of mangiferin, hyperoside and quercetin in leaves and peel of 
mango 
Elution order and peaks of mangiferin, hyperoside and quercetin detected by HPLC (370 
nm) at their concentration of 0.1 mg/mL in the mixture of these standard compounds are 
shown in Figure 5.1. Mangiferin was detected earliest at 22.80 min., then followed by 
hyperoside at 42.25 min. and quercetin at 52.28 min. (Figure 5.1).  
 
Mangiferin was only detected in the peel of mango cvs. Kensington Pride, R2E2, Calypso 
and Nam Doc Mai during 2013, 2014 and 2016 (Table 5.2, Figure 5.3A). Mango cvs. Keitt 
had no mangiferin quantified from the peel at multiple harvests and the ripening stages in 
all three mango seasons (Table 5.2, Figure 5.3B). The other mango cultivars, Brooks and 
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Kent, also did not have mangiferin in their peel (Table 5.2). However, mangiferin was 
detected in the leaves at developmental leaf stages of all tested mango cultivars in 2013 
(Table 5.2). Based on the peak of mangiferin quantified by HPLC (370 nm), the 
constitutive level of mangiferin detected in the leaves was significantly higher than in the 
peel within the same mango cultivar (Figure 5.2).  
 
Hyperoside was detected in the peel and leaves of all tested mango cultivars in 2013, 
2014 and 2016 (Table 5.2). Quercetin was only detected in the peel of mango cv. KP at 
the second harvest in 2016, while this compound was detected in the dark green leaf 
stage of all tested mango cultivars in 2013 (Table 5.2). Quercetin was not detected in the 
flush red and early green leaf stages of different selected mango cultivars, except for the 
early green leaf stage of mango cv. Keitt (Table 5.2). 
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Figure 5.1. Elution order and peaks of mangferin, hyperoside and quercetin detected by HPLC (370 nm) at the concentration of 
0.1 mg/mL in the mixture of standard compounds dissolved in methanol. 
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Figure 5.2. Elution order and peaks of mangiferin, hyperoside and quercetin detected by HPLC (370 nm) in the peel at harvest 
(A) and leaves at dark green stage (B) of mango cv. Kensington Pride. 
KP - Dark green leaf 
KP - Fruit peel at harvest 
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Figure 5.3. Elution order and peaks of mangferin, hyperoside and quercetin detected by HPLC (370 nm) in the peel of mango cv. 
Kensington Pride (KP) (A) and Keitt (B) at ripe stage
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Table 5.2. Phenolic compounds detected in leaves and fruit of Australian 
commercial mango cultivars in developmental stages during 2013, 2014 and 2016 
mango seasons(*) 
Peel/Leaf Mango cultivar Physiological stage 
Phenolic compound 
Mangiferin Hyperoside Quercetin 
Peel 
Kensington 
Pride (KP) 
Immature (5 cm in 
diameter) 
  - 
Harvest 1    (2016 season) 
Harvest 2   - 
Harvest 3   - 
Harvest 4   - 
Sprung   - 
Ripe   - 
Keitt 
Harvest 1 -  - 
Harvest 2 -  - 
Harvest 3 -  - 
Sprung -  - 
Ripe -  - 
R2E2 Harvest   - 
Brooks 
Harvest -  - 
Ripe -  - 
Kent Harvest -  - 
Nam Doc Mai Harvest   - 
Calypso 
Harvest   - 
Ripe   - 
Leaf 
Kensington 
Pride     (KP) 
Flush red   - 
Dark green    
Keitt 
Early green    
Dark green    
R2E2 
Flush red   - 
Early green   - 
Dark green    
Brooks 
Early green   - 
Dark green    
Nam Doc Mai Dark green    
Calypso Dark green    
() Detected    (-) Not detected 
(*) All leaf and fruit samples at each stage for each mango cultivar in the 2013, 2014 and 
2016 mango seasons were performed in three replicates.  
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5.3.2. Concentrations of mangiferin in peel and leaves of Australian mangoes 
 
Significant differences (P<0.01) in the levels of mangiferin in the peel at multiple harvests 
and ripening stages were found amongst all tested mango cultivars in three mango 
seasons 2013, 2014 and 2016 (Figure 5.4). In 2013, KP mango fruit at immature stage 
contained the highest level of mangiferin in the peel (1178.02 mg/kg dry matter (DM)), 
followed by those quantified from the peel of ‘KP’ ripe fruit and immature fruit (791.55 and 
722.71 mg/kg DM, respectively) (Figure 5.4A). Mango cvs. R2E2 and NDM had the lowest 
level of mangiferin in their peel at harvest (45.10 and 98.76 mg/kg DM) (Figure 5.4A) 
 
In the 2014 and 2016 mango seasons, the concentrations of mangiferin in the peel of cv. 
KP at ripe stage were significantly higher (P<0.01) than all others quantified from the peel 
of all other tested mango cultivars (Figure 5.4B and 5.4C). The levels of mangiferin in the 
peel of ‘KP’ increased significantly between harvest and ripe stage, from 1132.43 to 
3251.21 mg/kg DM in 2014 and from 1027 to 2791.70 mg/kg DW in 2016. No significant 
differences (P>0.05) were found in the levels of mangiferin in the peel of ‘KP’ between 
harvest and sprung stage in 2014 (Figure 5.4B), although the level of mangiferin at the 
sprung stage was significantly higher than its level at harvest in 2016 (Figure 5.4C). 
 
In the leaves of different mango cultivars collected in 2013, significant differences (P<0.01) 
in the levels of mangiferin were determined in developmental leaf stages (Figure 5.5). 
Mango cv. R2E2 at early green leaf stage had the highest concentration of mangiferin 
(22458.70 mg/kg DM), whereas for the cultivar Brooks leaves at the dark green stage 
contained the lowest level of mangiferin (6243.24 mg/kg DM). No significant differences 
(P>0.05) were found in the levels of mangiferin between early green and dark green leaf 
stages of cvs. Keitt, Brooks and R2E2 (Figure 5.5). A significantly higher level (P<0.01) of 
mangiferin was found at flush red leaf stage of KP mango compared with that quantified 
from dark green leaf stage, whereas ‘R2E2’ contained significantly higher levels of this 
compound at dark green leaf stage than flush red leaf stage (Figure 5.5). 
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Figure 5.4. Concentrations of mangiferin quantified from the fruit peel of different 
mango cultivars at various physiological maturity stages in 2013 (A), 2014 (B) and 
2016 (C). Values are expressed as means of three replicates. Bars surmounted by 
the same letter do not differ at P≤0.05 following Tukey’s multiple comparisons test; 
ND (Not detected). 
(A) 2013 
(B) 2014 (C) 2016 
Physiological maturity/ripening stage Physiological maturity/ripening stage 
Physiological maturity/ripening stage 
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Figure 5.5. Concentrations of mangiferin quantified from the leaves of different 
mango cultivars in developmental leaf stages in the 2013 season. Values are 
expressed as means of three replicates. Bars surmounted by the same letter do not 
differ at P≤0.05 following Tukey’s multiple comparisons test.  
 
5.3.3. Concentrations of hyperoside in peel and leaves of Australian mangoes 
The levels of hyperoside in the leaves and peel were significantly different (P<0.01) in the 
peel and leaves of different mango cultivars during ripening stages and developmental leaf 
stages in the 2013 mango season (Figure 5.6 and 5.7). ‘KP’ immature fruit (5±0.5 cm 
diameter of fruit size) had the highest level of hyperoside (682.09 mg/kg DM) in the peel, 
followed by the concentrations of hyperoside determined from the peel of ‘KP’ at another 
immature stage (7±0.5 cm diameter of fruit size) and ‘Keitt’ at ripe stage (406.29 and 
404.83 mg/kg DM, respectively) (Figure 5.6A). The lowest level of hyperoside quantified 
from the peel of cv. Brooks at harvest (70.58 mg/kg DM), followed by those determined 
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from ‘KP’ at ripe stage (124.33 mg/kg DM), ‘R2E2’ at harvest (123.38 mg/kg DM), ‘NDM’ at 
harvest (135.80 mg/kg DM) and ‘Brooks’ at ripe stage (175.67 mg/kg DM). A significant 
increase in the levels of hyperoside from harvest to ripe stage was found in the peel of cvs. 
Brooks and Keitt, whereas ‘KP’ had the significant decrease in the levels of this compound 
in the peel during the ripening stages (Figure 5.6). 
 
 
Figure 5.6. Concentrations of hyperoside quantified from the peel of different mango 
cultivars in 2013. Values are expressed as means of three replicates. Bars 
surmounted by the same letter do not differ at P≤0.05 following Tukey’s multiple 
comparisons test. 
 
Significantly higher (P<0.01) contents of hyperoside in the dark green leaf stage were 
found in mango cvs. Calypso, Broosk and R2E2 (1208.77, 1057.65 and 915.38 mg/kg DM, 
respectively), except for those quantified from NDM and KP mangoes (239.26 and 323.23 
mg/kg DM) (Figure 5.7). The flush red leaf stage of cvs. R2E2 and KP contained the 
lowest levels of hyperoside (111.60 and 139.42 mg/kg DM, respectively). Early green 
leaves of Keitt mango contained significantly higher levels of hyperoside (1025.23 mg/kg 
DM) compared with early green leaves of ‘R2E2’ and ‘Brooks’ (Figure 5.7). 
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Figure 5.7. Concentrations of hyperoside quantified from the leaves of different 
mango cultivars in developmental leaf stages in 2013. Values are expressed as 
means of three replicates. Bars surmounted by the same letter do not differ at 
P≤0.05 following Tukey’s multiple comparisons test. 
 
In the 2014 and 2016 mango seasons, a significant decline (P<0.01) in the levels of 
hyperoside quantified from the peel of cv. KP between the early harvest, late harvest, 
sprung and ripe stage was determined in both seasons (Figure 5.8A and 5.9A). ‘KP’ 
immature fruit (KP – Harvest 1) consistently contained the highest levels of hyperoside for 
the two mango seasons (571.60 mg/kg DM in 2014 and 505.44 mg/kg DM in 2016), 
whereas the ‘KP’ ripe fruit had the lowest levels of this compound in its peel (80.16 mg/kg 
DM in 2014 and 91.78 mg/kg DM in 2016) (Figure 5.8A and 5.9A). No significant 
differences (P>0.05) were found in the levels of hyperoside amongst the late harvest (KP – 
Harvest 4), sprung and ripe stage in the peel of cv. KP in both mango seasons 2014 and 
2016 (Figure 5.8A and 5.9A). 
 
Keitt mango had significantly higher (P<0.01) concentrations of hyperoside in the peel at 
ripe stage in the two mango seasons (484.90 mg/kg DM in 2014 and 557.21 mg/kg DM in 
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2016) compared with those quantified from multiple harvests and sprung stage (Figure 
5.8B and 5.9B). No significant differences (P>0.05) were observed in the levels of 
hyperoside quantified from the peel of this mango cultivar amongst three harvests in 2014 
(Figure 5.8B) and the first two harvests in 2016 (Figure 5.9B). In 2014, there were no 
significant differences (P>0.05) in the contents of hyperoside between each harvest time 
and sprung stage, particularly between the first harvest and sprung stage (P=0.054) 
(Figure 5.8B). In 2016, a significant decrease (P<0.01) in the levels of hyperoside from the 
first harvest to the sprung stage, but there was no significant change (P>0.05) in the levels 
of this compound in the peel between the latest harvest and the sprung stage.  
 
‘Calypso’ contained the highest level of hyperoside in the peel at harvest (551.39 mg/kg 
DM), followed by its content in the peel of sprung stage (302.26 mg/kg DM). No significant 
difference (P>0.05) was found in the contents of hyperoside in the peel between sprung 
and ripe stage of this mango cultivar (Figure 5.8B). 
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   2014 mango season 
  
 
Figure 5.8. Concentrations of hyperoside quantified from the peel of mango cvs. KP 
(A), Keitt (B) and Calyplso (C) in different physiological maturity stages in the 2014 
mango season. Values are expressed as means of three replicates. Bars 
surmounted by the same letter do not differ at P≤0.05 following Tukey’s multiple 
comparisons test. 
(A) (B) 
(C) 
Physiological maturity/ripening stage Physiological maturity/ripening stage 
Physiological maturity/ripening stage 
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2016 mango season 
  
 
Figure 5.9. Concentrations of hyperoside quantified from the peel of mango cvs. KP 
(A) and Keitt (B) in different physiological maturity stages in 2016 season. Values 
are expressed as means of three replicates. Bars surmounted by the same letter do 
not differ at P≤0.05 following Tukey’s multiple comparisons test. 
 
5.3.4. Concentrations of quercetin in peel and leaves of Australian mangoes 
Quercetin was not detected in the peel of any mango variety during the three mango 
seasons, except for cv. KP at immature fruit harvest (Harvest 1) in the 2016 season 
(Figure 5.10). Quercetin was found in dark green leaf stage of different mango cultivars in 
2013 (Figure 5.11). ‘Brooks’ had the highest level of quercetin in the dark green leaf stage 
(55.52 mg/kg DM), followed by Keitt mango at early green leaf stage and R2E2 mango at 
dark green leaf stage (50.65 and 48.61 mg/kg DM, respectively) (Figure 5.9B). At the early 
green leaf stage, hyperoside was only detected in cv. Keitt compared to cvs. R2E2 and 
Brooks (Figure 5.11). 
 
 
(A) (B) 
Physiological maturity/ripening stage Physiological maturity/ripening stage 
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 Figure 5.10. Concentrations of hyperoside quantified from the peel in the 2016 
season. Values are expressed as means±SE of three replicates; ND (Not detected). 
 
Figure 5.11. Concentrations of hyperoside quantified from the leaves of different 
mango cultivars in developmental leaf stages in 2013 (B). Values are expressed as 
means±SE of three replicates; ND (Not detected). 
 
Physiological maturity/ripening stage 
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5.3.5. Relationship between constitutive levels of hyperoside and anthracnose 
resistance in mango 
The relationship between the levels of hyperoside and anthracnose development on the 
fruit at the ripe stage induced by droplet inoculation with C. asianum isolate BRIP 28734 is 
demonstrated in Figure 5.12B. The significant higher contents of hyperoside quantified 
from the peel were correlated with the significant smaller lesion diameters of anthracnose 
at the ripe stage, whereas the lower concentrations of hyperoside quantified from the peel 
at the ripe stage resulted in the significant larger lesion diameters of anthracnose (Figure 
5.12B). However, no significant relationship (P=0.762) between the contents of hyperoside 
at harvest and anthracnose development at the ripe stage was determined from different 
mango cultivars in the 2013, 2014 and 2016 mango seasons (Figure 5.12A). A significant 
correlation (R2=0.45, P<0.001) was also found between the levels of hyperoside and 
anthracnose lesion development in developmental leaf stages of all mango cultivars tested 
in 2013 (Figure 5.13).  
 
 
Figure 5.12. Relationship between the concentrations of hyperoside in fruit peel at 
harvest (A) and ripe stage (B) and anthracnose development on the fruit following 
droplet inoculation with Colletotrichum asianum isolate BRIP 28734 at ripe stage of 
Australian commercial mango cultivars in the 2013, 2014 and 2016 mango seasons. 
 
(A) (B) 
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Figure 5.13. Relationship between the concentrations of hyperoside and 
anthracnose development on the leaves following droplet inoculation with 
Colletotrichum asianum isolate BRIP 28734 of commercial mango cultivars in the 
2013 season. 
 
5.3.6. In vitro antifungal activities 
In order to further screen the direct inhibitory effects against the two major postharvest 
fungal pathogens causing postharvest anthracnose and stem end rot, a series of in vitro 
screening assays using both poisoned food technique and paper disc method were 
performed to test whether mangiferin, quercetin and hyperoside had antifungal activities 
for direct growth inhibition of C. asianum isolate BRIP 28734 and L. theobromae isolate 
BRIP 51631. Methanol and ethanol dilutions using sterilised deionised water were also 
tested for their in vitro antifungal capacity at different concentrations.  
 
Poisoned food technique 
Mangiferin, quercetin and hyperoside dissolved in methanol solvent had strong inhibitory 
effects on C. asianum isolate BRIP 28734 (Figure 5.14A) and L. theobromae isolate BRIP 
51631 (Figure 5.15A). EC50s of mangiferin, quercetin and hyperoside for C. asianum were 
0.04 mg/mL, 0.06 mg/mL and 0.007 mg/mL, respectively, while EC50s of these 
compounds for L. theobromae were quantified as 0.04 mg/mL, 0.04 mg/mL and 0.005 
mg/mL, respectively. 
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However, methanol and ethanol at 10 % (v/v), 5% (v/v) and 1% (v/v) used for dissolving 
three tested compounds were found to inhibit mycelial growth of C. asianum (Figure 
5.14B) and L. theobromae (Figure 5.15B) following this antifungal assay. Significantly 
higher percentages of growth inhibition for both fungal pathogens were performed using 
10% (v/v) of methanol and ethanol, whereas the lowest concentrations of the two solvents 
demonstrating their inhibitory effects were found at 1% (v/v) (Figure 5.14B and 5.15B). 
 
 
Figure 5.14. Effects of mangiferin, quercetin and hyperoside dissolved in methanol 
on the growth of C. asianum isolate BRIP 28734 (A) and inhibitory effect of ethanol 
and methanol on C. asianum isolate BRIP28734 at 6 days after incubation (B). 
Values are expressed as means of three replicates. Bars surmounted by the same 
letter do not differ at P≤0.05 following Tukey’s multiple comparisons test. 
 
 
C. asianum isolate BRIP 28734 
(A) 
(B) 
C. asianum isolate BRIP 28734 
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Figure 5.15. Effects of mangiferin, quercetin and hyperoside dissolved in methanol 
on the growth of L. theobromae isolate BRIP 51631 (A) and Inhibitory effect of 
ethanol and methanol on L. theobromae isolate BRIP 51631 at 6 days after 
incubation (B). Values are expressed as means of three replicates. Bars surmounted 
by the same letter do not differ at P≤0.05 following Tukey’s multiple comparisons 
test. 
 
 
 
L. theobromae isolate BRIP 51631 
(A) 
(B) 
L. theobromae isolate BRIP 51631 
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Paper disc method  
Due to the direct inhibitory effects of methanol on growth of the fungal pathogens following 
poisoned food technique, the paper disc method was then used for testing the antifungal 
activities of mangiferin, quercetin and hyperoside. Methanol, ethanol and dimethyl 
sulfoxide (DMSO) were also tested for their inhibitory effects following this assay (Table 
5.3). No inhibition zones were determined at 2 days after incubation with mangiferin, 
quercetin and hyperoside (Table 5.3, Figure 5.15 and 5.16).  However, incubation with 
Amistar® did show an inhibitory effect which increased with concentration (Table 5.3). 
Methanol, ethanol and DMSO were also found to have no inhibitory effects following this 
assay (Table 5.3). 
Table 5.3. Inhibition zones of mangiferin, quercetin, hyperoside and Amistar® 
against Colletotrichum asianum isolate BRIP 28734 at 48 hours after incubation 
Compound Concentration (mg/mL) 
Inhibition zone 
(cm) 
Mangiferin dissolved in 50% (v/v) DMSO 
1 0 d 
5 0 d 
10 0 d 
Mangiferin dissolved in 50% (v/v) methanol 
1 0 d 
5 0 d 
10 0 d 
Quercetin dissolved in 50% (v/v) DMSO 
1 0 d 
5 0 d 
10 0 d 
25 0 d 
50 0 d 
Quercetin dissolved in 50% (v/v) methanol 
1 0 d 
5 0 d 
10 0 d 
25 0 d 
50 0 d 
Hyperoside dissolved in 50% (v/v) DMSO 1 0 d 
Hyperoside dissolved in 50% (v/v) methanol 1 0 d 
100% methanol NA 0 d 
50% (v/v) methanol NA 0 d 
100% DMSO NA 0 d 
50% (v/v) DMSO NA 0 d 
100% Ethanol NA 0 d 
50% (v/v) ethanol NA 0 d 
Water control NA 0 d 
Amistar® dissolved in sterile deionised water 
0.1 6.4 a 
0.01 5.2 b 
0.001 3.7 c 
Values are expressed as means of three replicates. Means followed by the same letter 
within a column do not differ at P≤0.05 following Tukey’s multiple comparisons test; NA 
(Not applied) 
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Figure 5.16. In vitro antifungal assay against C. asianum isolate BRIP 28734 following paper 
disc method of quercetin dissolved in 50% v/v aqueous methanol in different 
concentrations and Amistar® (A: Quercetin 1 mg/mL; B: Quercetin 5 mg/mL; C: Quercetin 
10 mg/mL; D: Quercetin 25 mg/mL; E: 50 mg/mL; F: Amistar® 0.01 mg/mL) 
 
 
Figure 5.17. In vitro antifungal assay against C. asianum isolate BRIP 28734 
following paper disc method of mangiferin dissolved in 50% v/v aqueous methanol 
in different concentrations and Amistar® (A: Mangiferin 1 mg/mL; B: Mangiferin 5 
mg/mL; C: Mangiferin: 10 mg/mL; D: Amistar® 0.01 mg/mL) 
 
(A) 
(B) (C) 
(D) (E) (F) 
(B) 
(C) (D) 
Inhibition 
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Inhibition 
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5.4. Discussion 
This study is the first to focus on the detection and quantification of levels of mangiferin, 
quercetin and hyperoside in the fruit peel of commercial mango cultivars at different 
physiological maturity stages. Significant variations in the levels of mangiferin and 
hyperoside were clearly found in the peel among Australian grown mangoes for each of 
the physiological maturity stages tested in this study. A previous study performed by 
Berardini et al. (2005a) examined levels of these compounds in the peel different cultivars 
that had been sourced from local markets but in which the physiological stages of the fruit 
were not identified. Results from their study showed that ‘R2E2’ fruit imported Australia 
also contained the very low levels of mangiferin and hyperoside in the peel (82.9 and 
116.5 mg/kg DM, respectively) compared to those presented in the present study (45.10 
and 123.28 mg/kg DM, respectively). 
 
The levels of mangiferin, quercetin and hyperoside in the leaves of Australian grown 
mangoes at developmental leaf stages which consisted of flush red, early green and dark 
green stage have also been reported for the first time. The significantly higher levels of 
mangiferin and hyperoside were observed in the leaves at developmental leaf stages than 
in the peel for all tested mango cultivars were addressed during the three mango seasons 
2013, 2014 and 2016. These findings were in agreement with the study conducted by 
Barreto et al. (2008) which demonstrated the higher concentrations of mangiferin in the 
young and old leaves to compare with those quantified from the peel of cvs. Van Dyke and 
Embrapa-141-Roxa (Amrapali x Tommy Atkins). Young leaves of cvs. Van Dyke and 
Embrapa-141-Roxa contained the highest concentrations of mangiferin, at 58.12 and 
67.20 g/kg DM, respectively, whereas those in the peel of these two cultivars were only 
4.94 and 15.23 g/kg DM, respectively (Barreto et al., 2008). 
 
The role of hyperoside in resistance to anthracnose in fruit and leaves of mango may be of 
significance in the resistance mechanisms.  Generally, resistant mechanisms thought to be 
involved in postharvest disease in mango have focused on the role of PR-proteins (Lin et 
al., 2011) and the presence of pre-formed antifungal resorcinols (Droby et al., 1986, 1987; 
Hassan et al., 2007; Hassan et al., 2009; Karunanayake et al., 2014). In the present study, 
the higher concentrations of hyperoside were found to be significantly correlated with the 
smaller anthracnose lesions at the ripe stage in the fruit and early green leaf stage in the 
leaves. A significant correlation (R2=0.59, P<0.001) was determined between the level of 
hyperoside and anthracnose lesion development at the ripe stage. Mango cv. Keitt which 
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was observed as a relatively resistant cultivar in the current study had the highest level of 
hyperoside in the peel at ripe stage and early green leaf stage compared to those 
quantified from all other tested cultivars. This significant finding was in agreement with the 
study conducted by Droby et al. (1986) who showed that ‘Keitt’ still maintained a high level 
of 5-substituted resorcinols, the constitutive antifungal fungal compounds, at the fruit ripe 
stage. The levels of these resorcinols were found to be still at the fungitoxic level to 
Alternaria alternata causing postharvest black spot at 28 days after harvest. The disease 
symptoms started developing at 40 days after fruit harvest for this mango cultivar. The 
similar findings were demonstrated by Hassan et al. (2007) who identified ‘Keitt’ as a 
cultivar resistant to postharvest anthracnose due to the high levels of preformed 
alk(en)ylresorcinols in the peel at harvest of this cultivar.   
 
Mango cv. KP contained the lowest contents of hyperoside in the peel determined at the 
ripe stage among all tested mango cultivars in the present study. The concentrations of 
hperoside quantified from ‘KP’ were at least four times lower than those of ‘Keitt’ at the ripe 
stage in all three mango seasons. ‘KP’ was also found to be susceptible to postharvest 
anthracnose following the assessment in all three years of this study (2013, 2014 and 
2016). However, this is in contrast to the study performed by Hassan et al. (2007) where 
‘KP’ was identified to be a relatively resistant cultivar to anthracnose following inoculation 
with the same C. asianum isolate BRIP 28734 during three mango seasons 2004, 2005 
and 2007. Their findings demonstrated that the two resistant mango cultivars, ‘KP’ and 
‘Keitt’, contained the high constitutive levels of the two alk(en)ylresorcinols in the peel at 
harvest (5-n-heptadecenylresorcinol and 5-n-pentadecylresorcinol) compared with the 
significant lower levels quantified from the peel at harvest of the susceptible cultivars 
which were ‘Calypso’, ‘Honey Gold’, ‘R2E2’ and ‘NDM’. However, in the study by Hassan 
et al. (2007), no comparisons in the concentrations of the pre-formed antifungal resorcinols 
at the ripe stage between the susceptible and resistant cultivars. A significant correlation 
was found between the levels of these constitutive antifungal resorcinols at harvest and 
anthracnose lesion at ripe stage, however the details in the peel of each mango cultivar 
were not clear. In addition to this, the fruit peel of cv. KP collected from 2004 and 2005 
mango seasons in their study were only equal to the peel harvested from the immature 
harvest (harvest 1) and mature green harvest (harvest 2), respectively, in the present 
study.  
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Mangiferin was not detected in the peel of cvs. Keitt, Brooks and Kent during the fruit 
ripening stages in the present study. A recent study assessing the polyphenolic content of 
Australian grown mango cultivars ‘KP’, ‘Irwin’ and ‘NDM’ reported by Hoang et al. (2015) 
also showed that mangiferin was not detected in the peel of ‘NDM’.  In this current study, 
however, magniferin was detected and quantified in NDM. The differences could be due to 
the extraction method or the type of column used for HPLC. ‘Keitt’ was found to be 
resistant to anthracnose regardless of any harvest times in our previous study. It can be 
concluded that mangiferin does not contribute to the resistance mechanisms in mango to 
anthracnose, although the significant relationship between the level of this xanthone C-
glycoside and the development of malformation disease had been reported (Chakrabarti et 
al., 1990; Haggag et al., 2011; Singh, 2006). During the developmental flower stages, 
mangiferin was accumulated at its highest concentration (96 mg/g and 108 mg/g FW) in 
the flower bud of the malformation resistant cultivar ‘Elaichi’ compared with the level of this 
compound (59 and 74 mg/g FW) quantified from the flower bud of susceptible cultivar 
‘Beauty Mc-lin’ (Singh, 2006).   
 
The present study demonstrated that these compounds had no direct inhibitory effects 
against C. asianum and L. diplodia following the two separate methods. In the first 
antifungal assay, the inhibitory effects of these compounds were due to the toxicity of 
methanol solvent at different concentrations. Results from the second antifungal assay 
showed that no inhibition zones were found in the three tested compounds at their highest 
tested concentration in comparison with the significant large inhibition zones induced by 
Amistar®. This finding was similar to results obtained in previous studies published by Dall’ 
Agnol et al. (2003) and Fenner et al. (2005) which concluded that tannins and flavonoids 
containing hyperoside of the crude methanolic extracts from Hypericum species did not 
have the antifungal and antimicrobial activities. In contrast, Li et al.(2005) reported that 
hyperoside successfully inhibited the mycelial growth of Pestalotia guepinii, Drecheslera 
sp. and Fusarium avenaceum at the EC50s of 50 µg/mL for the first two fungal pathogens 
and 75 µg/mL, respectively. However, the study by Li et al. did not indicate the solvent 
used for dissolving hyperoside at the different concentrations tested. The importance of 
including the corresponding concentrations of the solvent on in vitro screening of 
antifungal compounds of individual phenolic compounds is vital as has been shown in this 
current study. Methanol and ethanol had an inhibitory effect on C. asianum and L. 
theobromae even when diluted to 5% (v/v).  
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Overall, the lack of direct inhibitory effects of hyperoside presented in this study might be 
due to the concentration of hyperoside used in the assays being too low to have any 
fungitoxic effect and /or the hyperoside being too volatile and that within the nutrient media 
has not remained in a sufficient concentration using the filter paper discs method to inhibit 
growth of C. asianum and L. theobromae isolated from mango. Alternatively, hyperoside 
may not have a direct fungtoxic effect but may be an intermediary for some other active 
compound within the mango.  
 
In conclusion, the present study clearly demonstrated the significant differences in the 
level of hyperoside between the susceptible and resistant mango cultivars to anthracnose. 
The correlation between the content of this compound and disease resistance in any other 
plant species has not been previously reported. This finding could be a significant factor 
for the mango breeders to consider in their further work with an emphasis on elucidating 
details about the presence of hyperoside at the high levels in the peel of resistant mango 
cultivars at the ripe stage. Further studies should be expanded to include wild relatives of 
mango, such as Mangifera laurina which have been reported to be highly resistant to 
anthracnose (Bally et al., 2013) to determine if there is a correlation with levels of 
hyperoside. The proposed role of hyperoside in anthracnose resistance could potentially 
provide important information related to the role of phenolic compounds in disease 
resistant mechanisms in mango.  
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Chapter 6: Screening of sorghum grain biorefinery by-products for growth inhibition 
of two common postharvest pathogens of mango (1) 
 
Abstract 
Plants have protective phytochemicals and also produce phytoalexins in response to 
fungal attack.  Phytochemicals from food waste sources may have potential application as 
crop protectants. Condensed Distillers’ Solubles (CDS) and Dried Distillers’ Grains (DDG) 
are by-products of ethanol production from sorghum grain. In 2013, this study tested the 
inhibitory effects of these compounds on growth of two postharvest fungal pathogens of 
mango, Colletotrichum asianum (C. asianum) and Lasiodiplodia theobromae (L. 
theobromae) using Petri dish growth inhibition assays. The EC50, (Effective Concentration 
at which mycelial growth is inhibited by 50%), for C. asianum of CDS was 10.4% v/v of the 
crude extract. The EC50 of DDG for C. asianum and   L. theobromae was 8.4 mg/ml and 
19.1 mg/ml, respectively. Mycelial growth of L. theobromae was significantly increased by 
CDS at 25, 10 and 1% v/v at 4 and 5 days after incubation, but after 6 days of incubation 
there was no significant difference from controls and lower CDS concentrations. In 2014, 
the in vitro antifungal assays using two batches of CDS collected in January, 2013 and 
August, 2014 performed the strong inhibitory effects against three fungal pathogens 
isolated from mango and two fungal pathogens isolated from avocado. Tests are ongoing 
to assess sorghum grain biofuel by-products as postharvest treatments and field sprays, to 
determine their potential in reducing losses by postharvest diseases in commercial 
horticultural production. 
Keywords: biorefinery by-products, antimicrobial, mango, anthracnose, fungal pathogens 
 
 
 
 
(1) Do, T.K., Dann, E.K. and Stanley, R. (2016). Screening of sorghum grain biorefinery 
by-products for growth inhibition of two common postharvest pathogens of mango. Acta 
Horticulturae, 1120:219-224. 
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6.1. Introduction 
Anthracnose and stem-end rot diseases impact production and quality of mangoes 
worldwide. Anthracnose is the most serious post-harvest disease in humid growing 
regions. Disease incidence caused by anthracnose can reach almost 100% in fruit 
produced under wet or very humid conditions (Prusky et al., 2009). Stem-end rot, caused 
by a range of different pathogens including Lasiodiplodia theobromae (Pat.) Griffon & 
Maubl, and Neofusicoccum spp., is another serious postharvest disease of mango in warm 
and humid regions. 
 
Sorghum (Sorghum bicolor (L.) Moench) is considered to be one of the main cereal food 
crops in many parts of the world, particularly in developing countries in Asia and Africa 
where it is used as an important staple food, folk medicine and animal feed (Devi et al., 
2011; Kil et al., 2009). Sorghum grain is also used as the principal source of starch in the 
production of ethanol. Antimicrobial effects of Sorghum spp. polyphenols have been 
reported in several studies.  The 3-deoxyanthocyanidins are the principle and unique 
phytoalexins of sorghum (Liu, Du, et al., 2010; Lo et al., 1996; Snyder & Nicholson, 1990). 
Phytoalexins are defined as low-molecular-weight antimicrobial compounds synthesised 
by plants in response to infection or stress (Nicholson & Hammerschmidt, 1992). This 
response is an active process, resulting in rapid accumulation of high levels of 3-
deoxyanthocyanidin phytoalexins in infected tissues (Snyder & Nicholson, 1990). Lo et al. 
(1999) studied two sorghum cultivars which differed in their reaction to Colletotrichum 
sublineolum, the fungal pathogen causing anthracnose disease, in order to investigate 
phytoalexin response between resistant and susceptible cultivars. Their results showed 
that defence responses in the resistant cultivar were characterised by a greater and faster 
accumulation of phytoalexins compared to the susceptible cultivar. Besides this, Soetan et 
al. (2006) reported that the n-butanol purified saponin of sorghum had inhibitory effects on 
gram-positive organisms but not on gram-negative organisms and the fungi. This results L. 
theobromae was supported by Khadambi (2007) who concluded that tannin extracted from 
sorghum could be used as an antimicrobial agent to inhibit the growth of gram-positive 
bacteria. 
 
Ethanol is derived from the fermentation of sugars and starch from vegetable material, 
including grains or sugar cane (Bonnardeaux, 2007). Yeast fermentation converts the 
starch component of the grain to ethanol and carbon dioxide and the remaining residue 
contains high levels of nutritional components, protein, fat, fibre, vitamins and minerals and 
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is a valuable livestock supplement, following some further processing steps shown in 
Figure 6.1.  
 
 
Figure 6.1. Sorghum grain biorefinery by-products flowchart (Bonnardeaux, 2007) 
 
The residue is centrifuged or filtered to separate the grain solids (wet cake) from the liquid 
solubles. The filtrate is further concentrated to produce a syrup (condensed distillers’ 
solubles, CDS) which can be mixed with the wetcake or sold separately. The coarse 
residue may then be dried to produce dried distillers’ grains (DDG). Currently, there is no 
other industry than the livestock feed industry to utilise DDG. 
 
It is likely that the CDS and DDG contain antimicrobial compounds from the natural 
defence mechanisms of the sorghum plant but the inhibitory effects of CDS and DDG 
against fungal pathogens have not been previously measured. Therefore, the overall aims 
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of this study were to determine the in vitro antifungal capacity and potential postharvest 
application of these by-products.  
 
6.2. Materials and methods 
6.2.1. CDS and preparation of an acidified extract of DDG  
Sorghum CDS (SCDS) was obtained by from Dalby Biorefinery Ltd, Dalby Queensland, 
Australia as a by-product from ethanol production and was not purified or processed. 
SCDS was collected two times, in January 2013 (Old SCDS) and August 2014 (New 
SCDS). DDG in this study was wet cake which is solid waste after fermentation remixed 
with CDS and was collected from the sorghum bio-fuel plant. Sorghum DDG was collected 
and further extracted by Dr Craig Davis, Department of Agriculture, Fisheries and Forestry, 
Queensland (DAFF), Cooper’s Plains, Brisbane.  DDG (1000 g) was extracted using 10 
times w/v absolute methanol acidified with 3% v/v formic acid. The slurry was extracted at 
40°C for 30 minutes and was repeated with 2 washes. The soluble fraction was 
evaporated to dryness in a rotary evaporator. Extraction of 1 kg of DDG yielded 
approximately 30 g of a red viscous paste.  
 
DDG was applied in liquid form (DDG acidified methanolic extract) containing absolute 
ethanol. DDG dissolved in 10 ml absolute ethanol was kept in a FalconTM centrifuge tube. 
The concentration of DDG was based on the maximum concentration of DDG from 
extracting 1 kg of original DDG with equivalent weight of ethanol. In general, 30 g of DDG 
are produced from this extraction, so the maximum concentration of DDG in this liquid 
form reached 30 g/ 10 ml ethanol or 3 g DDG per 1 ml in ethanol solvent. For this assay, 5 
ml of the original compound in liquid form was added to 45 ml of Milli-Q water to make the 
stock solution concentration at 10% (expected DDG concentration is 300 mg/ml for stock 
solution). Milli-Q water was used as the negative control. 
 
6.2.2. Fungal pathogens  
To test the inhibitory effects of CDS and DDG undertaken in 2013, two isolates of 
Colletotrichum asianum (BRIP 28734 and BRIP 51787) and one isolate of Lasidiodiplodia 
theobromae (L. theobromae) (BRIP 51631) originally isolated from mango were obtained 
from the culture collection at DAFF, Queensland. In 2014, the in vitro antifungal assays of 
CDS in two different batches were repeated with two fungal pathogens isolated from 
mango (C. asianum isolate BRIP 28734 and L. theobromae isolate BRIP 51631) and 
included three fungal pathogens isolated from avocado, C. acutaum, C. gloeosporioides 
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and Calonectria ilicicola. The isolates were routinely sub-cultured on Petri plates 
containing fresh half-strength potato dextrose agar (sPDA) amended with 2% streptomycin 
and grown in a cabinet at 25°C under 12 h/day irradiation from near ultra violet (black) 
light.  
 
6.2.3. In vitro antifungal activities of CDS and DDG  
DDG acidified methanolic extract 
Ten-fold serial dilutions in Milli-Q water were prepared from the initial stock solution 
(estimated at 300 mg/ml) by putting 10 ml of each dilution concentration to 90 ml of Milli-Q 
water to make the concentrations at 1%, 0.1% and 0.01% v/v. After that, 10 ml of each 
concentration was added to 90 ml of molten Potato Dextrose Agar amended with 
streptomycin (sPDA), at around 50°C to create the final concentrations at 1%, 0.1%, 
0.01% and 0.001% v/v respectively. Finally, 20 ml aliquots were poured into Petri plates 
(85 mm in diameter). Within 2 hours after pouring, each of the plates was inoculated with 
the fungal pathogen. A 5 x 5 mm mycelial plug was cut from a two week old colony, then 
placed with the inoculum side down in the middle of each treatment plate, and incubated at 
25 °C in the black light cabinet. For all experiments, there were three replicated plates per 
treatment. Mycelial growth on each plate was observed daily and measured in diameter 
after 6 days of incubation. The mean and standard error were calculated from the three 
replicates of each treatment. For each of the fungi, values of EC50 of each compound were 
estimated. 
Percentage inhibition of mycelial growth is measured by comparing the diameter of 
treatment and control (non-treatment) and calculated using the formula given below: 
 
% Mycelial inhibition = 
Mycelial growth(control) –Mycelial growth(treatment) 
 
 * 100 
                      Mycelial growth(control) 
 
 
 
CDS 
From the original raw sample of CDS, ten-fold serial dilutions in water were prepared to 
provide solution concentrations at 10%, 1% and 0.1% v/v. After that, 10 ml of each dilution 
was then added to 90 ml of molten sPDA to attain final concentrations of 10%, 1%, 0.1% 
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and 0.01% v/v. Additionally, CDS at the concentration of 25% v/v was also used for the 
antifungal assay. 
 
Methods for cleaning yeast contamination in the in vitro antifungal assay 
Method 1: Bottles containing molten sPDA were kept water bath at 60 °C to keep, instead 
of    50 °C as usual, and then conducting the experiment immediately after taking the bottle 
out of water bath. 
Method 2: Bottles containing SCDS were put in water bath at 75 °C in 30 minutes before 
conducting the in vitro assay. 
 
6.2.5. CDS postharvest treatment  
Mango fruit of three varieties including ‘Kensington Pride’, ‘Keitt’ and ‘Brooks’ were 
harvested from orchards in south east Queensland in the mango seasons of 2013 and 
2014. Fruit were de-sapped after harvesting and kept in commercial boxes prior to 
treatment with CDS, prochloraz, or water within 12 hours. Ten fruit per treatment were 
dipped for 1 min in different concentrations of CDS in water (10%, 25% and 50% v/v), 
prochloraz (Sportak®) fungicide at the concentration of 450 g prochloraz/L or water. Fruit 
were then dried and returned to commercial boxes for ripening at 65% relative humidity 
and 22°C. Severity of postharvest anthracnose resulting from natural field infections was 
assessed at “eating ripe” stage by estimating the percentage of fruit surface area by 
anthracnose lesions arising from natural field infections. Data were analysed by ANOVA 
using Genstat 15 statistical software.  
 
6.3. Results and discussion 
 
6.3.1. In vitro antifungal activity of CDS and DDG against fungal pathogens in 
mango 
DDG acidified methanolic extract was found to have strong inhibitory effects on C. 
asianum) and L. theobromae (Figure 6.2). EC50 of DDG for C. asianum BRIP 28734 and L. 
theobromae BRIP 51631 were 8.4 mg/ml and 18.9 mg/ml, respectively. Similarly, CDS 
significantly inhibited mycelial growth of C. asianum, isolates BRIP 28734 (Figure 6.3 and 
6.4) and BRIP 51787 (Figure 6.3). EC50 of CDS against C. asianum was 10.4% v/v of the 
crude extract. 
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Figure 6.2. Effects of DDG acidified methanolic extract on the in vitro growth of 
Lasiodiplodia theobromae isolate BRIP 51631 and Colletotrichum asianum isolate 
BRIP 28734 
 
 
 
 
 
Figure 6.3. Effects of CDS on the in vitro growth of Colletotrichum asianum isolates 
BRIP 2874 and BRIP51787 
 
 
L. theobromae BRIP 51631 
C. asianum BRIP 28734 
C. asianum BRIP 28734 
C. asianum BRIP 51787 
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Figure 6.4. In vitro antifungal capacity of CDS against Colletotrichum asianum 
isolate BRIP28734 in different concentrations (ranging from CDS-001% v/v to CDS-
25% v/v) 
 
6.3.2. In vitro antifungal activity of CDS against fungal pathogens in mango and 
avocado 
 
Methods for cleaning yeast contamination  
The two methods have been shown to clean yeast contamination in the in vitro assay, and 
the antifungal capacity was not affected by the high temperature at 75 °C. Yeast 
contamination was not observed in the method of putting bottles containing SCDS at 75 °C 
in water bath, while keeping the molten 1/2 PDA at 60 °C reduced significantly the yeast 
contamination. To conclude, cleaning yeast contamination at 75 °C in 30 minutes is the 
best method 
 
Antifungal capacity of two batches of CDS  
In general, both SCDS were found to have strong antifungal capacity against these five 
fungal pathogens from mango and avocado. At the concentration of SCDS -25 % v/v or 
higher, all these fungal pathogens were not able to grow. 
 
More importantly, the old SCDS from 22nd January 2013 had more effective inhibitory 
effects against the fungal pathogens than the new one.  
 
  
 
10%  1% 0.1
% 
0.01
% 
0.001
% 
Control 
Control 25% 
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Table 6.1. EC50s of CDS on five fungal pathogens from mango and avocado 
     Method 
EC50 (CDS % v/v) 
Colletotrichum 
asianum 
(mango) 
Colletorrichum 
gloeosporioides  
(avocado) 
Calonectria 
ilicicola  
(avocado) 
Colletotrichum 
acuatum 
(avocado) 
Lasiodiplodia 
theobromae 
(mango) 
 
New CDS -
heated 
16.69 12.72 24.04 13.04 13.24 
Old CDS-
heated 
5.01 5.16 8.27 5.15 10.71 
Old CDS- 
unheated 
5.01 5.16 8.27 5.15 10.71 
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Figure 6.5. Effects of new CDS – heated in water bath on the in vitro growth of five 
fungal pathogens from mango and avocado (A) and mycelial growth of C. asianum 
isolate BRIP28734 on different concentrations of new heated SCDS (B). 
 
50% v/v 
25% v/v 10% v/v 
5% v/v 1% v/v Water control 
(A) 
(B) 
C. asianum (mango) 
C. gloeosporioides (avocado) 
Calonectria iliciola (avocado) 
C. acutatum (avocado) 
L. theobromae (mango) 
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Figure 6.6. Effects of old CDS – heated in water bath on the in vitro growth of five 
fungal pathogens from mango and avocado (A) and mycelial growth of C. asianum 
isolate BRIP28734 on different concentrations of old heated SCDS. 
 
 
50% v/v 
5% v/v 1% v/v Water control 
(B) 
(A) 
25% v/v 10% v/v 
(B) 
(A) 
C. asianum (mango) 
C. gloeosporioides (avocado) 
Calonectria iliciola (avocado) 
C. acutatum (avocado) 
L. theobromae (mango) 
 
C. asianum (mango) 
C. gloeosporioides (avocado) 
Calonectria iliciola (avocado) 
C. acutatum (avocado) 
L. theobromae (mango) 
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Figure 6.7. Effects of old SCDS – unheated in water bath on the in vitro growth of 
five fungal pathogens from mango and avocado (A) and mycelial growth of C. 
asianum isolate BRIP28734 on different concentrations of old unheated SCDS. 
 
Overall, the following conclusions were taken into account: 
(i) Keeping bottles of SCDS at 75 °C in 30 minutes before conducting in vitro assay is 
the most effective method to kill yeast contamination. 
(ii) SCDS at the concentration of 25% v/v or higher was found to have strong inhibitory 
effects against the five pathogenic fungal pathogens from mango and avocado. 
(iii) Different times of obtaining SCDS might lead to the antimicrobial variations at its 
lower concentrations. 
(iv) SCDS can be stored for a long time prior to be performed in any experiments. 
 
6.3.3. Postharvest dip treatment of CDS 
CDS and prochloraz fungicide reduced severity of anthracnose in mango compared with 
water control. For each variety, CDS at each concentration significantly reduced 
anthracnose severity compared with fruit dipped in water, except mango cv Keitt dipped in 
CDS at the concentration of 25% v/v. The highest concentration of CDS tested, (50% v/v) 
resulted in reductions of anthracnose severity of at least 75% compared with controls.  The 
effect of CDS at 50% v/v resulted in similar levels of disease reduction as prochloraz 
fungicide in each variety. 
 
 
 
 
50% v/v 25% v/v 10% v/v 
5% v/v 1% v/v Water control 
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Table 6.2. Effect of treating mango after harvest with CDS on severity of 
anthracnose disease 
Treatment 
Disease severity of anthracnose (%) 
‘Keitt’ - 2013 ‘Brooks’ - 2013 ‘Kensington Pride’ - 2014 
Water 12.6 b 28.3 d 22.5 d 
CDS-10% v/v 5 a 11.3 c 11.5 c 
CDS-25% v/v 9.8 b 9.5 bc 7.2 b 
CDS-50% v/v 3.2 a 4.4 ab 4.6 ab 
Prochloraz 
fungicide 
2.8 a 0.4 a 3.2 a 
P value <0.001 <0.001 <0.001 
Means followed by the same letter within a column are not different at the 5% level of 
significance 
 
 
 
Figure 6.8. Anthracnose disease symptoms on ripe mango fruit cv. Keitt dipped in 
water after harvest (left) compared with fruit dipped for one minute in CDS-50% v/v 
(right).  
 
In conclusion, our results are very promising for applying sorghum biorefinery by-products 
to reduce losses caused by postharvest diseases in horticultural fruit crops. CDS was 
found to inhibit C. asianum but not L. theobromae in an in vitro antifungal assay. In 
143 
 
addition, CDS reduced postharvest anthracnose disease on mango fruit. These 
experiments will be expanded to include more isolates of postharvest fungal isolates and 
other fruit species, such as avocado, to further evaluate the potential of these by-products 
in horticultural production.  
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Chapter 7: General Discussion  
 
7.1. General Discussion 
A successful reliable and reproducible leaf assay for anthracnose on mango leaves was 
presented for the first time in this study (Chapter 3). Maintaining high humidity for the 
inoculated leaves during the entire 7-day period following inoculation appears to have 
been the key factor for reproducible symptom development of anthracnose. The previous 
studies conducted by Fitzell & Peak (1984), Estrada et al. (2000) and Jeffries et al. (1990) 
on the infection of Colletotrichum species on mango leaves only emphasised on the 
formation of appressoria in the first 36 hours, but not the effect of high humidity on the 
reproduction of anthracnose symptom on the leaves. Results from the experiments in 
Chapter 3 clearly demonstrated that no anthracnose symptoms were re-produced when 
the high humidity was maintained only in the first 48 hours. In addition to the role of high 
humidity on the reproduction of typical anthracnose symptom on leaves, the leaf stage was 
also found to be another key factor affecting the screening assay, as anthracnose 
symptoms only resulted following the inoculation on flush red and early green leaves; no 
symptoms were found on the green and dark green leaves. This has implications for 
activation of resistance mechanisms in the mature leaves whether this is due to physical or 
biochemical barriers with in the leaf.  Inoculation of the flush red leaves lead to significantly 
larger anthracnose lesions induced by C. asianum isolate BRIP 28734, a fungal pathogen 
belonging to C. gloeosporioides species complex compared with the early green leaves. 
Again, comparisons in the physical and biochemical status of these leaf stages may lead 
to a better understanding of mango host resistance. 
 
The present study also screened and assessed the varietal resistance to anthracnose in 
leaves and fruit of Australian mangoes (Chapters 3 and 4). The findings from leaf 
screening assays clearly demonstrated that leaves of ‘KP’ and ‘Keitt’ were found to be 
relatively resistant to anthracnose as the early green leaves of these two cultivars had 
significantly smaller anthracnose lesions induced by C. asianum compared with those 
quantified from the early green leaves ‘R2E2’, ‘Brooks’ and ‘Keaw’ (Chapter 3). 
Regardless of the multiple havest, ‘Keitt’ fruit had the very spots or no symptoms on its 
fruit surface assessed at the ripe stage (Chapter 4). However, the fruit maturity had the 
significant effects on assessing the anthracnose lesion development induced by C. 
asianum at the ripe stage. The later harvest of ‘KP’ fruit when fruit reached higher FMDC 
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resulted in the significant larger anthracnose lesions compared with the smaller lesions 
caused by C. asianum from the fruit at earlier harvests. Hassan et al. (2007) had 
previously the existence of varietal resistance to postharvest anthracnose in Australian 
mango cultivars, however ‘KP’ was then identified as a resistant cultivar in their studies. 
However, FDMC for ‘KP’ fruit reached only 12.8% and 14.8% for the 2003-2004 and 2004-
2005 mango seasons, respectively, while FMDC for ‘KP’ at commercial harvest maturity 
determined in this study was over 17% following three years of mango seasons (2013, 
2014 and 2016). The lower FDMC of ‘KP’ fruit in the studies of Hassan et al. (2007) may 
have had significant effect on the results where only small lesions were induced by C. 
asianum. All other tested cultivars ‘Brooks’, ‘Kent’ and ‘Brooks’ were found to be 
susceptible to postharvest anthracnose, and this finding was in agreement with the study 
of Hassan et al. (2007). It is important for assessing susceptibility of mango fruit among 
different cultivars to anthracnose based on FDMC.  It is therefore strongly recommended 
that for all future assays whether in breeding or in assessment of cultural and chemical 
control measures that this is taken into account.  
 
Following the assessment of susceptibility of Australian mango cultivars to anthracnose 
caused by C. asianum on leaf stages and on fruit, the early infection process of C. 
asianum was studied in the early green leaves among the cultivars ‘KP’, ‘Keitt’ and ‘R2E2’ 
and in the different developmental leaf stages including flush red, early green and green 
leaves of ‘KP’ (Chapter 3). No difference was observed in the germination of conidia and 
formation of appressoria of C. asianum isolate BRIP 28734 in early green leaves of the 
three cultivars at 48 hours after inoculation despite the apparent overall differences in 
resistance to anthracnose. This indicated that the expression of resistance in the resistant 
cultivars occurred after appressoria formed and might be due to the presence of high 
levels of pre-formed antifungal compounds. A significant variation in the conidial 
germination and appressorial formation of C. asianum isolate BRIP 28734 was found when 
inoculations were carried out on the different development leaf stages (flush red, early 
green and green leaves) of the cultivar ‘KP’. Inoculation of the young leaves showed a 
significantly higher percentage of germination of conidia and formation of appressoria 
compared with those on the older leaves. This finding was in agreement with the study of 
Fitzell & Peak (1984) who demonstrated that the main source of inoculumn of C. 
gloeosporioides var. minor was found following infection of young leaves. The early 
infection of C. asianum BRIP 28734 was also studied on the fruit of ‘KP’ and ‘Keitt’ 
147 
 
(Chapter 4). Similar to the findings in the leaves, no differences were found between the 
two cultivars which may be due to the presence of preformed compounds.  
 
The present study demonstrated for the first time a relationship between the 
concentrations of hyperoside and anthracnose development in fruit peel at the ripe stage 
and in the leaves of mango (Chapter 5). The significant higher levels of hyperoside in the 
peel of ‘Keitt’ correlated with smaller anthracnose lesions induced by C. asianum isolate 
BRIP 28734 at the ripe stage. All other cultivars ‘KP’, ‘Brooks’, ‘Kent’ contained low levels 
of hyperoside in the peel and correlated with susceptibility to postharvest anthracnose. 
Similar to the findings on the fruit, the early green leaves of ‘Keitt’ which were found to be 
relatively resistant to anthracnose had the high levels of hyperoside compared with levels 
of hyperoside in the early green leaves of ‘Brooks’ and “R2E2’. Mangiferin was not 
detected in the fruit of ‘Keitt’ during the three stages of the fruit ripening including harvest, 
sprung and ripe stage, indicating that it was unlikely to influence resistance of mango fruit 
to postharvest anthracnose. Quercetin was only detected and quantified with a small 
amount in the peel in mature green fruit in the 2016 mango season and therefore was not 
consider relevant to resistance to anthracnose. A series of in vitro antifungal assays of the 
three phenolic compounds including hyperoside were undertaken to determine whether 
any one of these three compounds had the direct inhibitory effects against C. asianum 
isolate BRIP 28734. Our results, however, were inconclusive as no direct antifungal 
activity was found for any of these compounds following the two separate assays, 
poisoned food technique and paper disc method.  
 
7.2. Future research work  
To identify whether the relationship between the leaf and fruit assays of mango is 
statistically significant, a series of experiments should be undertaken in the range of 
cultivars in the germplasm collection and include the wild mango relatives which are 
known to be highly resistant to anthracnose, such as Mangifera laurina. In assessing 
varietal resistance to postharvest anthracnose in fruit of mango cultivars, fruit assays 
should be conducted taking into account the consistency of maturity among cultivars to 
evaluate the anthracnose development at the ripe stage.   
Further studies on the role of hyperoside and other polyphenols, such as anthocyanins, 
should be expanded to other mango cultivars. In vitro antifungal activities of hyperoside 
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should be conducted in the higher concentrations. Postharvest treatments of sorghum 
CDS would be useful to be trial applied to the field work or treatments with other fruits. 
 
7.3. Conclusion 
 
Overall, this is the first study successfully developing and optimising the leaf screening 
assay to assess the varietal resistance to anthracnose caused by C. asianum and other 
Colletotrichum species on mango leaves. This would be able to assist mango breeders to 
early identify the susceptibility of mango cultivars to anthracnose disease. In addition, the 
findings from the fruit experiments conducted in this study confirmed that mango cv. KP, 
the most dominant and favourite mango cultivar grown in Australia, is highly susceptible to 
postharvest anthracnose. The application of chemical methods to control anthracnose in 
the field as well as the postharvest treatments on fruit should be well-applied in order to 
minimise the loss caused by this disease. Lastly, this study is also considered to be the 
first one looking for the correlation between the polyphenols and disease development on 
leaves and fruit of different Australian mangoes, and the results are very promising to 
further study. 
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